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Abstract —An experimental study was made of the drop size distributions obtained from ten 
different hydraulic nozzles spraying axially into large steady air streams of high velocity. The 
drop sizes observed for the nozzles in fast air streams bore little relation to the drop sizes observed 
for these same nozzles in static tests. As air velocities increased, to T00 ft ‘see or more. the nozzle 


drop sizes closely approached the drop sizes obtained from simple evlindrical tube injectors, 


Résumé — Etude expérimentale de distribution de gouttes d’aprés leurs dimensions. Ces distri- 
butions sont obtenues a partir de 10 ajutages hydrauliques différents atomisant axiallement dans 
des courants air & grande vitesse. Les grosseurs des gouttclettes pourdes ajutages en courants 
air rapids sont faiblement liges a celles des gouttelettes observées pour ces mémes ajutages en 
essais statiques. Quand la vitesse de lair augmente, jusqu’é 700 ft sec et plus, la grosseur des 
gouttes avec lajutage se rapproche énormément de la dimension obtenue avec des injecteurs a 


simple tube eylindrique 


Zusammenfassung Ks wurden experimentelle Untersuchungen tiber die Tropfengrossenver- 
teilung zehn verschiedener hyvdraulischer Diisen, die axial in einen ste tigen Luftstrom von hoher 
Geschwindigkeit) spriihten, durchgefiihrt. Die in schnellen LuftstrOmungen beobachteten 
Tropfengréssen zeigten nur wenige Bezichungen zu dem in statischen Versuchen mit den gleichen 
Diisen erhaltenen Tropfengréssen. Bei zunchmenden Luftgeschwindigkeiten, 700 ft sec und 
mehr, nitherte sich die Tropfengrésse der Diisen der einfacher zylindrischer Robrinjektoren. 


INTRODUCTION The experimental programme consisted of 
AN EXPERIMENTAL study was made of the drop  '"ecting a molten synthetic wax through various 


sizes resulting from nozzles spraying into larg nozzles mounted on the axis of a 6-in. diameter air 


air streams of sustained high velocity. This duct. Wax was injected at 300° F into the air 
study was intended to provide data useful in the stream at 300° F and atmospheric pressure. 
design of fuel injection systems in jet engines and \t 300°F the wax had a speciiic gravity of 0-828, 
t & surface tension of 22-0 dyn em and a Viscosity 


had two specific objectives. The first was 
compare the drop sizes with drop sizes from the of 11-3 cP. About 3 ft downstream of the nozzle 
same nozzles in still air in order to evaluate the @ '€aversing sampling probe collected and froze 
selection of nozzles based on performance in the wax particles. The particle size distributions 


still air. The second objective was to compare were then analysed by sieving and by sedimenta- 


the sprays from nozzles in air streams to the en inair. Details of the experimental procedures 
sprays from simple tubes, reported previously [1], im Ref. (1). 


to determine what advantages resulted from Ten different commercial hydraulic nozzles 


using more costly and complex nozzles rather were tested. They are described in Table 1 along 


than tubes. with the mass median drop diameters obtained 
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Table 1. Nozzle static tests 


Orifice 
Manufacturer diam min) d Static Xoo, 
tin.) (ym) 


Pintle Eng. Prod. Co Var. area* 3 2h 165 

liston Bendix Var. area 

Hib Spraco Hollow com 

IB Spraco Full com 

148 Spraco Hollow con 


Spraco Full cone 


mw Sprace Full con 
wide angle 

Spraco Misting 

Spraco Pinjet 


*Increasing pressure drop moves conical pintle forward to increase annular orifice area. 
tIncreasing pressure drop moves piston to expose greater length of six rectangular orifice slots. 


Contains internal minimum-pressure shut-off valve. 


by simply spraying the molten wax into still equation and data over the entire drop size range. 
air at room temperature. The nozzles were used This error, listed in Table 2, is the R.MLS. 
as received except that the nozzle bodies were difference between observed and computed cumu- 
turned down on a lathe to the minimum possible lative volume percentages at drop diameters 
diameter to reduce obstruction of the air stream. corresponding to the following observed volume 
Thin struts of flattened g-in. tubing were used percentages: 2, 5, 10, 20, 30, 40, 60, 70, 80, 90, 
to mount and feed the nozzles in the duct, as 95 and 98. For all the runs listed, the average 
shown in Ref. [1]. R.M.S. error was 153 per cent. Examples of 


The drop size distributions observed for each matching the complete distribution data by the 


nozzle spray are summarized in Table 2. Each  upper-limit equation are shown in Fig. 1. 
distribution was matched by a best-litting upper 
limit equation proposed by and Evans [2]. 
This equation expresses the cumulative volume 
fraction (AR) larger than diameter XY as a function 
of three arbitrary constants, the mass median 
diameter \ and 


the maximum diameter X,,, 


diome'ter, 


the dimensionless slope 5. 


Drog 


erf | 
V 


smotier thor 


Each equation was constrained to pass through Foc. 1. Fitting experimental deta to upper-timit 


equation Log-probability co-ordinates. Piston 
by trial to minimize the standard error between nozzle, 


the observed X,,. and X,, and S were then chosen 


| 
Nozzle 
114 225 
Ons 5 722 
lan 37 SOS VOL 
(0-335 is 
bam 
ol 
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Table 2. Nozzle air stream tests 


lir velocily 
Nozzle* Gal min (ft /sec) 


Pintle* 
Pintle* 
Pintle* 
Pintle 
Pintle 
16300* 
3c * 

iB 
14 
Piston 
Piston 
Piston 


X 


UL equation 


slope, Ss 


ie = 


*Contra-stream injec 


Ai Vevocrry Errrers 

The effect of injecting into an air stream, as 
illustrated by Fig. 2. was the expected effeet of 
greatly reducing the average drop size from any 
given nozzle. For example, the full cone nozzk 
1B had a mass median drop diameter of 19-2 
in a 760 ft see air stream as compared to 229 
in still air. 

There was no correlation between drop sizes 
from nozzles in the static tests and drop sizes 
in the air stream tests. At air velocities between 
310 and 350 ft/sec the median drop diameters 


ranged from less than 8 per cent to more than 


80 per cent of the drop diameters from static 
tests of the same nozzles at the same injection 
rates. Although there were still marked 
differences between nozzles in the air stream 
tests these differences were much smaller than the 
differences in static tests. The maximum 


tion. others co-stream. 


air 


y 


. 2. Effect of air velocity on median drop size. 
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difference observed in median drop size in static 
tests was about 8-5-fold; this was reduced to 
about 2-5-fold at air velocities of about 340 ft sec 
and further reduced to less than 1-2-fold at air 
velocities of 750 ft, see and higher. 

According to Ref. [1] using the liquid and air 
properties of the nozzle experiments the mass 
median diameter of sprays from cylindrical 
tube injectors is given by the following dimensional 
equation with X,, in jw, the injection rate G in 


gal min and the relative velocity Vo in ft see: 


= 183,000 GY" (2) 


Equation (2) predicts that the average drop size 
from simple tubes varies inversely with relative 
the 43 


is defined as air velocity 


air velocity to power where relative 


velocity plus initial 


liquid velocity for contra-stream injection or 
minus initial liquid velocity for co-stream injec 


tion. For the fixed orifice nozzles tested here the 


we dependence of drop size on air velocity 
was roughly the same as for tubes. These results, 
300 
different from the results of Scumipr [3] in the 
20-150 ft see 
from a very small hollow cone nozzle and observed 
that average drop size varied inversely with air 
velocity to only about the } 


in the ft sec velocity range, are quite 


range. Scumipr sprayed water 


power. SCHMIDT'S 
results can be reconciled with these if one con- 
cludes that the initial liquid pattern and turbulence 
are increasingly important relative to air stream 
the other 


hand at very high air velocities air stream action 


action as air velocity decreases. On 


is dominant in determining spray characteristics, 
and the exact way in which the liquid is originally 
introduced into the air stream is relatively 
unimportant. 

These conclusions are also consistent with the 
data of Fig. 3 which show that at high relative 
offer little 


simple tubes in terms of spray 


velocities nozzles advantage over 
fineness. In 
calculating relative velocities average initial 
liquid velocities along the axis for the nozzles 
were estimated from the pressure drops across 
the nozzles and from the observed cone angles. 
For relative velocities over 600 ft/sec no nozzle 
gave a median drop size more than 10 per cent 


smaller than the drop size from tubes predicted 


by equation (2). For lower velocities, the finest 
spray produced by any nozzle was about 50 per 


cent smaller than predicted by equation (2). 


Moss medion drop diometer, 


Relotive velocity, ft/sec 


Fic. 3. Comparison of drop sizes from nozzles and 


tubes in air streams, 


Nozze 

The effect of pressure drop on drop size of four 
fixed orifice nozzles is shown in Fig. 4. In static 
tests there is the expected decrease of drop size 
as pressure drop increases with an average varia- 
tion of Ae as about the 0-36 power of pressure 
drop. This value agrees very closely with the 
results of other investigators of hydraulic swirl 
Joyver [4] 


0-35 and Lonawes [5] reported 


nozzles. For example, reported 
O-3B75. 

In contrast to these results pressure drop 
One 


nozzle (16300) actually showed an increase of 


had little effect in a 340 ft sec air stream. 


drop size with increasing pressure drop at con- 
stant air velocity, At constant relative velocity 
all three nozzles would show a small increase in 
drop size with increasing pressure drop. Therefore, 
in an air stream average drop size clearly does not 
depend on pressure drop as it does in static tests. 
On the other hand, equation (2) shows that drop 
sizes from tube injectors do increase very slightly 
with increasing liquid injection rate at constant 
relative velocity between liquid and air streams, 


ympie tube 
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The present nozzle data are at least qualitatively 
consistent with those results. INcrno’s data [6, 7] 
on impinging jets and on single jets in air streams 
also showed little effect of liquid injection rate, 
particularly at high air stream velocities. In the 
data of [8] and Noukiyama and 
Tanasawa [9] on pneumatic atomizers liquid rate 
again Was unimportant except for its contribution 
to relative velocity and when the volumetric 


ratio of liqguid to gas became large. 


ontrastrear 


Mass median 


Nozzle pressure @op, ib/in* 


Fic. 4. Effect of nozzle pressure drop in still air 
and in streams. 


The effects of nozzle orifice diameter are not as 


clear since there were no data allowing direct 


comparison of geometrically similar nozzles of 


different sizes at constant pressure drop. However. 
this comparison can be made by extrapolation of 
the data of Fig. 4. It shows that increasing orifice 
diameter has the expected marked effect of 
increasing drop size in static tests, but has a 
much smaller effect in air stream tests. Consider- 
ing both hollow cone and full cone nozzles, doubl- 
ing orifice diameter from 0-047 to 0-094 in. caused 
an average increase in Vs estimated at 36 per cent 
during static tests but only 10 per cent during air 
stream tests. The static test increase of 36 per cent 
checks well with the 41 per cent predicted by 
Joyce [4], while the stream test increase of 10 
per cent checks well with the 12 per cent pre- 
dicted by Weiss and Worsnam [1] for tubes, 
e.g. equation (2). 


When the direction of injection was changed 
from co-stream to contra-stream with other 
conditions constant there was a marked decrease 
in average drop size. This is the same behaviour 
observed for simple tubes and presumably results 
from the change in relative velocity for a given 
air velocity. For example, the 1 B nozzle inject- 
ing 0°33 gal/min co-stream at an air velocity of 
310 ft/sec gave an X59 of 94 compared to 50 yu 
for contra-stream injection at an air velocity 
of 350 ft/sec. Similarly, the pintle nozzle inject- 
Ing into 820-345 ft sec air streams at 1/3 gal, min 
gave an X., of 70 co-stream compared with 
#22 contra-stream; at an injection rate of 
1 gal min these values were 67 and 33, for 
co-stream and contra-stream Injection respec- 
tively. 

kor both variable area nozzles measurements 
were made of the drop size distributions at several 
fixed points in the sampling plane about 3 ft 
downstream of the nozzle. The results showed 
that local average drop sizes varied by a maximum 
of 30 per cent from the drop size obtained during 
the full sampling traverse. This variation from 
point to point is somewhat larger than the 
variations observed in sprays from simple tubes 
[1]. 

Although atomization is complete 3 ft down- 
stream of the nozzle it is not complete 6 in. 
downstream. In one set of tests with the pintle 
nozzle the average drop diameter was 64+ uw 
6 in. downstream of the nozzle compared with 
51 « 3ft downstream. Similarly, tests with the 
piston nozzle gave 51 w and 36 » at 6 in. and 3 ft, 
respectively. Data from [1] and [6] showed that 
atomization from orifices and tubes was complete 
at distances of 8-12 in. from the injector. 

The over-all magnitudes of the drop sizes 
observed in this work may be examined in the 
light of previous studies on the stability of single 


drops in gas streams. For example, Lane's data 


[10] showed that a drop should be unstable at a 
Weber number greater than about 6 in sudden 
blasts or about 11 in steady streams. (Weber 
number is defined here as the product of drop 
diameter, vas density and square of relative 
velocity, all divided by surface tension). Using 
relative velocity at the point of injection the 
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Weber numbers calculated here ranged from about 
15 to 60 for 
about 30 to 


the mass median drops, and from 
150 for the largest drops in the 
nozzle sprays. This means that the final droplets 
could not have been exposed to relative velocities 
as great as those at the pont of injection ; in fact, 
the largest final drops could not have survived 
ttol 


The fact that the single drop stability criterion 


velocities higher than 1 5 of the initial ones. 


is not the sole determinant of final drop SIZES 
in the sprays is not surprising. Previous studies 
on sprays in fast air streams, or from pneumatic 
that 


has a smaller effect than the second power effect 


atomizers, have all shown relative velocity 


resulting from a constant Weber number. 


CONCLUSIONS 


Evaluation of the drop size distribution of a 
hydraulic nozzle by conventional static testing ts 
of little or no value even qualitatively lor pre chict 
ing the drop siz distribution that will result in a 
fast changing oritice 


air stream. For example, 


size or pressure drop has little effect in a stream 


despite the large effects in a static atmosphere. 
With given physical properties of the fluids, 
drop size 1s largely controlled by relative velocity 
at high velocities. Therefore, at high velocities 
the sprays from even the simplest type of injector 
will be about as fine as the sprays from a complex 
this 


conclusion can be assumed applicable to velocities 


hydraulic nozzle. For design purposes, 


of about 700 ft sec and above. At lower relative 


velocities nozzle sprays may become finer than 


tube sprays formed under otherwise similar 


conditions. Tlowever, in the absence of experi- 
the 


cent 


mental data it would be unsafe to 
to be 


finer even at relative velocities as low as 250 ft 


assume 


nozzle spray more than 20 30° per 
soc. 

Nozzles are usually more effective than tubes 
in distributing the liquid widely throughout the 
air stream at all velocities, Contra-stream injec 
tion rather than co-stream injection will help 
this wider distribution as well as providing finer 


sprays for all injectors and air velocities, 
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Abstract—The process of thermal decomposition of calcium carbonate has been treated as one 
governed by simultaneous heat and mass transfer, under quasi steady state conditions, to the 
decomposition interface. It is believed that the surface chemical reaction is very fast and as such 
does not interfere in the determination of the overall decomposition rate. Rigorous ¢ Xpressions, 
based on heat transfer rate, have been derived, based on the system properties, for the prediction 
of decomposition times for definite geometric shapes such as spheres and cylinders. The good 
VOL. agreement observed between the actual and predicted values bears out the soundness of the 


16 decomposition scheme assumed for the process. The expression derived are 
Spheres : On (OBB OTT heyy) 
Cylinders Opn (O50 O25 heyy) 


Based on an analysis of simultancous heat and mass transfer rates the following correlation 
is obtained : 
Rt Pr d 
D,, 1 k, 


This equation bears very close resemblance to the theoretical « xpression for the evaporation of 


small spheres into quict air. This equation may be rearranged to provide 


<P 

ky p 

which is a modified form of the usual correlation for simultaneous heat and mass transfer 
based on Chilton Colburn analogy. 

The mathematical treatment has been extended to a two-phase solid system (Mg CO, Ca CO.) 
characterized by finite but different equilibrium decomposition temperatures. The mathematical 
analysis involves the solution of simultaneous differential equations. This has been done numeri- 
cally by the modified Runge Kutta method with the help of an IRM computer. The confirmation 


of the proposed equation must await future experimental data for the two-phase system. 


Résumé Le processus de decomposition thermique du carbonate de calcium a été considéré 
comme gouverne par un transfert simultané de masse et de chaleur a Vinterface de décomposition, 
et dans des conditions d’état quasi-stationnaire. On considére que la réaction chimique de surface 
est tres rapide et n’intervient done pas dans la détermination de la vitesse de décomposition globale. 
On peut prévoir les temps de décomposition pour des formes géométriques deéfinies telles que 
sphéres et eylindres, au moyen d’expressions deéfinies par la vitesse de transfert de chaleur 
et les propriétés du systéme. La concordance entre les valeurs réelles et les valeurs prévues 


contirme la validité du processus de décomposition suppose. Les expressions dérivées sont : 
Sphe res Op (O88 O17 
(yvlindres On (0,50 + 0,25 


Par une analyse des vilesses de transfert massiques ct thermiques simultanés on obtient 


la relation suivante : 


K, Rt ppd 


D,, P 


e 
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Cette équation est trés proche de lexpression théorique de lévaporation de petites sphéres dans 


(ele Pn) 
k, C, k, 


lair (au repos), On peut lécrire 


Cette expression est une forme modifiée de la relation classique fondée sur lanalogie de 
Coron -CoLsurn, pour le transfert simultane de masse et de chaleur. 

Le raisonnement mathématique a été étendu a un systéme solide a deux phases 
(MgCO, CaCQ,) caractérisé par des temperatures d'équilibre detinies mais différentes. L’analyse 
mathématique comprend la solution d’équations différentielles simultanées par la methode 
modifiée de Runce-Kurra Vaide dun caleulateur IRM. L’équation proposée devra attendre 


les futures données experimentales pour étre contirmeée dans les systemes a deux phases. 


Zusammenfassung Der Vorgang der thermischen Zersetzung von Calciumecarbonat wurde 
behandelt, als ob er bei quasi stationiren Bedingungen vom gleichzecitigen Warme- und Stoff- 
transport nach der Zersetzungstliche abhingen wiirde. Es wurde dabei angenommen, dass 
die chemische Obertlichenreaktion sehr schnell ablauft und als solehe die Bestimmung der 
Gesamtzersetzungsgeschwindigkeit nicht beeinflusst. Fir die Vorausberechnung der Zersetzun- 
yszeiten detinierier geometrischer Korper wie Kugeln und Zylinder, wurden genaue Ausdriicke 
abgeleitet, die auf der Wiarmetransportgeschwindigkeit und den Systemeigenschaften beruhen, 
Die beobachtete gute Ubereinstimmung zwischen den gemessenen und den vorausberechneten 
Werten zeigt die Berechtivgung des angenommenen Zersetzungsablaufs. Die abgeleiteten \usdriuck« 
lauten 
Kugeln Oy (OBS ONT 


Zvlinder Op apy (0.50 0.25 heyy) 


Aufgrund eciner Betrachtung der simultanen Wiarme- und Stoffiibergangsgeschwindigkeiten 


wurde folgender Zusammenhang erhalten : 
A, Rt Py d 
P 


Diese Gleichung hat eine sehr grosse Achnlichkeit mit dem theoretischen Ausdruck fiir die 


Verdampfung aus kleinen Kugeln in ruhende Luft. Die Gleichung kann umgeform werden zu : 


welche cine modifizierte Form der Gblichen Korrelation fiir gleichzeitigen Stoff- und Wirmetrans- 
port nach der Analogie von Cuucron und Coumurn darstellt. Die mathematische Behandlung 
wurde auf cin zweiphasiges Feststoffsystem (Mg CO,-Ca ausgedelnt, das ygekennzeichnet 
ist durch endliche aber unterschiedliche Zersetzungsgleichgewichtstemperaturen. Die mathe- 
matische Untersuchung umfasst dice Losung simultaner Differentialgleichungen. Dies wurde 
numerisch durehgefiihrt mit der modifizierten Ruxae-Kurra Methode mit Hilfe cines IBM- 
Rechners. Zur Bekriiftigung der vorgeschlagenen Gleichung miissen weitere experimentelle 


Ergebnisse far das Zweiphasensystem abgewartet werden. 


Part I Tuermat Decomposirion oF been defined on the basis of theoretical considera- 
Cancctum Carnonati tions [1, 11] and plays, probably, a very subordin- 


Tue problem of thermal decomposition of calcium ate role in determining the over-all reaction rate, 


carbonate presents many interesting features that However, it has been observed that for a reacting 
are capable of elaboration and analysis on a mass consisting of particles of approximately 
mathematical framework. Of the three major rate 10-15 » in diameter the chemical reaction effect 
determining steps, heat transfer, mass transfer appears marked in the form of an increased 
and surface chemical reaction, the last one has decomposition temperature. For smaller sizes, 
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Thermal decomposition 


Fig. 1. 


of calcium carbonate 


Decomposition scheme for a sphere of evlinder of CaCt = 


Temperature and concentration gradient during thermal decomposition. 


the reaction rate appears to be entirely governed 


by heat transfer rate to the decomposition plane 
[2]. 


ematical analysis of the general problem of heat 


It would therefore appear that a math- 


transfer to a sample of calctum carbonate under- 


going thermal decomposition would provide 
expressions from which decomposition times may 
be calculated provided the chemical reaction is 
fast enough as to cease to influence the over-all 
decomposition rate. The following analysis will 
be restricted to a consideration of the decomposi- 
tion of calcium carbonate in the form of spheres 
and cylinders, according to the usual form of 


decomposition scheme. This is represented in 


Fig. 1. 


Case 1. Sphere 

A. Heat Transfer. Consider a sphere of radius 
R and at an initial temperature f,, be suspended 
in a large furnace maintained at a temperature ty. 
The surface of the sphere attains the decomposi- 
tion temperature t, in a negligible fraction of the 
total decomposition time @, and immediately 
becomes coated with a growing layer of calcium 
The energy the 
surface of the sphere and that of the furance 


oxide, interchange between 


depends on their respective emissivities and 
temperatures. Let the assumption be made that 
the centre temperature of the sphere levels up 
with the decomposition temperature within a 
very short time. This assumption is quite valid 
considering the large magnitude of the thermal 
diffusivity of calcium carbonate. On this basis 
there is no internal temperature gradient and all 
the heat reaching the decomposition plane is used 
up for the endothermic reaction. 

At any time @ after the surface has attained 
the temperature ¢,, let the decomposition plane be 
situated at a distance r from the centre of the 
sphere. In this condition the undecomposed 
sphere of radius r is covered to a depth of (R — r) 
by a porous calcium oxide shell of effective 
thermal conductivity &,. 
of heat that 


surface of the oxide shell may be given by 


The amount reaches the outer 


qo = 4 h.) (tp — t) (1) 


If the contribution due to conduction in the gas 
phase be considered as small compared to that 
due to radiation, h, may be neglected as small 


compared to h,. The latter may be given by an 


equation 
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O-173 
(tp — t) 


[ey (ty 


€,(t | (2) 


The amount of heat that reaches the decompost 


tion interface may be given by the equation 


to Rk (t ty) 


(R r) 


Solving equations (1) and (3), for f 


rk, 


Ri(R ity 
R { R 


(4) 


ryh, 
Substituting equation (4) m (3) and rearrangmg, 
ta keh (ty 


r 


ty)? 


where 

ky — (Rh, 
aquation (5) reveals that the rate of heat transter 
to the decomposition plane may be given boy the 


product of the imitial transfer rate ¢ and a 


variable term which is a function of the dimer 
The latter may 


Number. Fig. 2 


term 


sionless parameter and 
recognised as a form of Nusselt 
represents the ce pe ndence of the variable 
on the parameters. The instantaneous decomposi 
tion rate may be given by 

ly 


(6) 


dé 


dW dé 


basis of a heat balance the following 


On the 


equation may be given: 


du 


7a | ta) Ve 


Rearranging after substituting equation (5) lor qd», 


dé r ky (1 


piar* (S) 


Separating the variables and integrating between 
limits: r 0: 


R A Hy 
h, (tp ta) 


where 


Mass transfer. 
diffusion of CC 


interface 


At any time @ the rate of 
away from the decomposition 


may be given by 


) Pin 
Rip, (10) 
Rip, 


The effective diffusion coethecrent be 


empirically correlated ; 


(11) 


where 8 mav be recognized as a form of tortuosity 


factor Kaquation (10) may be rewritten as 


kK RE (12) 


The diffusional rate across the equivalent film on 
the outside of the porous calcium oxide shell may 


ln wiven by 
Ne ¥ r (133) 


(12) and (1) tay solved for 


R(R — r) 
R(R r) 


rpg 


(14) 
‘9 


Substituting the value of p in equation (13) and 
rearranging, 
ky (pq Po)? 


r Key, (1 


(15) 


where 
Z,E 
The instantaneous decomposition rate and hence 
the diffusional rate of CO, may be given by 
dr 


OM ptar— 


(16) 


Substituting equation (15) for N, in equation (16), 


separating the variables and integrating 


Og = (OBB O17 (17) 


ky (Pa Po) 


where 


The similarity of expressions given by equations 
(9) and (17) is not unexpected considering the 
identical mathematical path followed for the case 


of mass transfer. 


3) 
(Rk r) VOL 
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Dependence of heat ‘mass transfer rate on 


for a decomposing sphere. 


Case 2. Cylinder 

A. Heat Transfer. The treatment may now be 
extended to a cylinder. Consider a evlinder of 
radius R, length / and at an initial temperature 
ty be suspended in a large furnace maintained at 
a temperature tf, Making the same assumptions 
as in the case of a sphere, at any time @, the rate 
of heat the outer 
surface of the cylinder may be given by 


Jo = 227 RIh, (ty, — t) 


transport by radiation to 


(18) 


The rate of heat transfer by conduction to the 

decomposition plane at a distance r from the 

centre of the cylinder may be given by; 
lk, (t — ty) 


(19) 


where =(R—-—r)/nR/r 


Solving equations (18) and (19) for ¢: 


_(Rh,) Inr' tp — k, ty) (20) 
(Rh, \Inr’ — k,) 


Substituting in equation (19) and simplifving, 


2a Rih, (typ ty) 
(1 ky In r’) 


qe (21) 
Equation (21) indicates that the rate of heat 
transfer to the decomposition plane at any time 
@? may be given in a manner similar to that of a 
sphere, by the product of the initial transfer rate 
and a variable factor which is a function of the 
same dimensionless parameters which have ap- 
peared in the correlation for a sphere. Fig. 3 
represents this dependence for a evlinder. 
The instantaneous decomposition rate may be 
given by 
dW dé 2aplrdr dé (22) 


On the basis of a heat balance the following equa- 


tion may be obtained : 


dr RIh, (tp — ty) 


r (23) 
do (1 


A i, / 2 
ky In r) 
Separating the variables and integrating between 


limits: r 0; 


Oy (0-5 + 0-25 ky) (24) 


B. Mass transfer. Without going through the 
usual mathematical development, the rate of 
diffusion of CO, away from the decomposition 
interface may be written analogous to the case 


of heat transfer as 


RI (py — mM) 
(1 Ky, In r’) 


(25) 


Equation (22) may be modified to express the 
instantaneous rate of CO, evolution and diffusion 
as 

dr 


(26) 
dé 


N, p2arrl 


Separating the variables and integrating between 


the usual limits. 


Og = Hq (0-5 + 0-25 k,,) (27) 
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TRANSIENT COMPONENT 


1 
os O7 


PENETRATION 


Fic. 3. 
depth of penetration and modified Nusselt number 


Dependence of heat mass transfer rate on 


for a decomposing cylinder. 


erification 

It is usually found that rate equations based 
on heat transfer are more amenable to expert- 
mental verification than those based on mass 
transfer. This is probably because of the fact 
that temperatures can be measured with greater 
accuracy than partial pressures. In order to 
verify equations (9) and (24) data are taken from 


published literature [2]. 


Sphe uf 
Radius 
Density of CaCO, 
Furnace temperature 


1-08 em 
1-84 ¢ ml 
1835 F 


Decomposition temperature 150 
Kffective thermal conduc- 

tivity of calcium oxide 0-40 B.Th.U hrft F 
Heat of decomposition, 
AH, 
Molal heat capacity of CO, 
853. 10° T 


TIO B.TH.U Ib [4] 


248 10°° 7T?[5] 
Estimated values: 
Total heat of decomposition, 

Mil 759 B.Th.U_ Ib. 
Radiation cocflicient, A, 10-183 B.Th.U. hrft® °F 


Dimensionless group, ky O-897 


On substituting the above values appropriately 


in equation (9) 


0 O79 hr 


0-75 hr (experimental) 


d 


Cylinder 
Radius 
Length 


Furnace 


F 
1650 F 


temperature 


Decomposition temperature 


The rest of the data necessary may be taken from 
the previous example, On substituting the above 


values in equation (24) 
04 1-42 hr 


1-36 hr (experimental) 


It is evident from inspection of decomposition 
times estimated from the equations developed. 
that there is fair amount of agreement with the 
experimental values reported in literature. The 
calculations are repeated for other cases of evylin- 
drical samples, process conditions and crystal 
sizes. The results are tabulated in Table 1. These 
calculations indicate beyond doubt that even in 
the case of samples made up of large-sized crystals 
decomposition times may be predicted on the 
basis of heat transfer rate alone. 

Figs. 4 and 5 represent the surface temperature 
variation as functions of both penetration and 
percent The are 
based on equations (4) and (20). In the case of 


decomposition. calculations 


evlinder, the agreement is fairly good considering 


the assumption of lower decomposition tempera- 


ture. 


o8 
Q Aff 
A 
0 4+ 
o3 
O2- 
So 
009+ 
4 
0-05} 4 
| 
ia | 
| 
o9 
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Table 1. Decomposition time for cylinders and spheres of CaCO,* 


Furnace Decomposition Decomposition time 
Shape Radius Length Density temperature temperature reacted (hrs) 
(em) (em) (g/ml) ( F) (°F) Exp. Predicted 
eylinder 1-06 6-79 1-86 1782 1652 1-84 1-78 
cylinder 1-04 6-14 1-90 1901 1651 0-28 0-26 
evlinder 6-69 1-85 1705 1650 434 4-19 
cylinder 6-62 1-87 1751 1651 2-02 2:18 
cylinder 6-84 1-80 Isl4 1652 1-36 1-42 
sphere 1-84 1835 1652 0-75 0-79 


* Data taken from an article by Sarrerrrecp and Frakes | 


VOL, Simultaneous heat and mass transfer 
RA It is possible to relate equations (5) and (15) UF: 


on the basis of simultaneous heat and mass trans- 


fer. Equating the heat transfer rate to the inter- 4 7 A, (tp — ty) _ 
face to the heat of reaction multiplied by the 447 {1 + ky [(1 —1)/r'}} 


mass transfer rate ky 40 R? ( 
0-449, = (28) 1+ky [(1 


Po (29) 
— )/r’) 


1820 


Date of CN. Sotterfieid 


SURFACE TEMPERATURE, °F ——e 


DECOMPOSED —e 
49 66 78 88 94 97 


08 07 06 05 


Fic. 4. Prediction of surface temperature during decomposition 
of CaCO, in the form of a sphere. ty = 1835 °F, ty = 1650. 
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----— CN Sotterfield 
Author 


SURFACE TEMPERATURE, 


DECOMPOSED 

64 75 84 9! 96 
i i 1 

o6 o4 02 


Fic. 5. Prediction of surface temperature during decomposition of CaCO, in the form of a cylinder. 


ty = 1782 °F, ty 1675 °F. 


Since at any time the above relationship is valid, 
at @ 1, 


0-44 
4 (ty — ty) 


T 


k, 47 (py — po) (30) 


It is therefore evident that 
(Rh,/k,) = (R/Z, E’) (31) 
Substituting D,, P/k, RT p, for Z, and d — 2R, 


for a general case (hk — h,), the following correla- 
tion may be obtained 


(ky RT ppd) _ 
D,, P 


Inspection of equation (32) reveals its close 
resemblance to the equation for the evaporation 
of small spheres in quiescent medium [6]. Equa- 
tion (82) may be rearranged to provide 


(i) _ Dm) 


(Cy k.) 
The above equation is very similar to one which 


hd 


(32) 


(33) 


1650 °F, t)* 


correlates simultaneous heat and mass transfer 
processes based on CuinroN-CoLBuRN analogy [7]. 

Before concluding this part of the investigation 
it is necessary to offer the following remarks. The 
mathematical analysis is based on an equilibrium 
temperature for decomposition and an appropriate 
partial pressure for CO, being operative through- 
out the decomposition period of the sample. If, 
for some reason, either the thermal properties of 
the porous calcium oxide shell take on different 
values or the bulk partial pressure in the system 
changes, the assumption of constant t, and p, 
will be violated. A new set of values will be 
operative which will necessitate recalculation of 
the decomposition period, It is hoped that this 
analysis, with its limitations, will be the starting 
point for a refined treatment of this important 
process in as much as similar processes like 
combustion of calcination of limestone, 
oxidation of metals and even entirely physical 
process like air drying of moist materials may be 
analysed on a similar framework now contem- 


coal, 


1800 
| it) 
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plated for decomposition of calcium carbonate [8]. 
The mathematical analysis will now be extended 
to a two-phase solid system. 


Part IL -Decomposirion or Mixep 
CARBONATES 

Case 1: Sphere 

A. Heat transfer. Fig. 6 represents a scheme of 
decomposition for a mixture of calcium and 
magnesium carbonates and it does not necessarily 
apply to * dolomite’ a double salt. Let the two 
decomposition temperatures be denoted by ty, and 
lao, the former pertaining to MgCO, and the latter 
to CaCO,. Let the furnace temperature be t, and 
the surface temperature ¢. Let p, and p, represent 
the density of the undecomposed material and 
the primary decomposition mixture of MgO and 
CaCO, respectively. Let (Rh, k,,) and (Rh, k,.) 
stand for the modified Nusselt Numbers based 
on the effective thermal conductivities k,, and 
k,.. Here k,, is the effective thermal conductivity 
of the primary decomposition mixture of MgO 
and CaCO, and k, is that of the secondary 


mixture of MgO and CaO, obtained as a conse- 
quence of secondary decomposition. 

Let a sphere of radius R be suspended in a large 
furnace maintained at a temperature t,. If the 
assumption is made that the surface of the sphere 
attains the primary decomposition temperature 
ty, in a negligible fraction of the total decomposi- 
tion time and that the surface is immediately 
coated with a growing layer of MgO, at any time 
@ subsequent to the initiation of primary decom- 
position the surface temperature of the composite 
sphere may be given by an equation analogous 
to equation (4): 


la, + ken r’) r’|tp 
1 + kn, Tr), r’| 


where heyy = (Rh, ky) 


If substitution of ¢ 
equation and the equation solved for r’, the 
critical value r,’ will be obtained, representing 


tg, iS made in the above 


the depth of penetration of primary decomposi- 
tion at which secondary decomposition sets in at 


Secondary decomposition plane 
—-Primary decomposition picne 


Fic. 6. Decomposition scheme for mixed carbonates (MgCO,—CaCO,). 
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the surface. r, will be given by the following 


equation : 

r ‘= . 
1+ [(tae tar) (tp 
If the mass fraction of MgCQ, in the mixture is v, 


the total heat of AH, the 


instantaneous primary decomposition rate may 


(35) 


ta) | (1 kun) 


decomposition 


be given by the following equation : 


dr 


dw 26 
da Py (36) 


instantaneous heat transfer rate be 


The 
given by: 


may 


4a Rh, (tp 
+ key, (1 


ta)? 


37) 
r’) 


de ; 
r 
If the assumption is made that the entire amount 
of heat reaching the decomposition interface is 
used up for the endothermic reaction the following 
heat balance may be given ; 

ty)? 

r’) 

Separating the variables and integrating between 


dr 


dé 


4a Rh, (ty 


AH = 
+ ky, (1 


5 (38) 
r 


limits r’ 1 and r 


"2 


(30) 


6. can be easily calculated after substitution of 


equation (35) for r.’. 
The problem of heat transfer becomes a little 
when decomposition 


complicated secondary 


sets in. Three examples may be visualized, 
Example 1. 
As per equation (35), if 
~ tar) 
Ky (tp — tae) 


- may be effectually taken as zero and @, may 
be evaluated from equation (39) which simplifies 
on the substitution of the upper limit of r,’ = 0, 


64 


( tae A 


and (40) 


(0-33 O-17 (41) 


Equation (41) defines the duration of primary 


16 


decomposition, at the end of which CaCO, begins 
to decompose and the time of secondary decom- 
position may be estimated from an equation 
similar to (41) as under 


—2) RAH," 


h, (tp — tas) 


= (42) 


[0-33 + 0-17 


Example 2, 


If A <1 


r. may be approximated to unity so that it may 
be assumed that primary decomposition precedes 
secondary by a very meager time margin. For 
all practical purposes it may be assumed that both 
are initiated at once and continue till the entire 
mass has decomposed. The time of decomposition 
may be estimated from an equation similar to 
equation (9) with the physical properties changed 
appropriately. 


Example 3. 


If 0<A<1 


secondary decomposition sets in for intermediate 
values of r.. A mathematical analysis of heat 
transfer for this particular case may now be 
At a time @ 


composition plane is situated at a distance R . r,’ 


attempted. 0, the primary de- 
from the centre of the decomposing sphere and 
the surface represents the initiation of secondary 
decomposition. In order to calculate the rate at 
which the secondary decomposition plane ad- 
vances into the sphere it is necessary to calculate 
the net accumulation of heat at the secondary 
decomposition interface. At any time @ (@ > @,), 
let r, and r, represent the radial positions of the 
primary and secondary decomposition planes 
respectively. The rate at which heat flows on to 
the secondary interface may be given by 
ra (43) 


where 


The rate at which heat is removed from the same 
interface will be given by 


VOL 
16 
196: 
ky 
+ Rug — 
= (r,/R) 
Kno = (R . h, ke) 
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(tae 


(7, — 


t 
qe fa) (44) 


The net accumulation of heat will therefore be 
(ty — tg) 
[fe(r’) 


ry Ts 


qo') 


(45) 


where 


fir) r,') 
re 


I(r) ry’ ke (1 


ry) 
The rate of secondary decomposition may be 
given by 


dr, 
Ps to? = (46) 


(“) 
* do 
Multiplying the above equation by the total heat 
of reaction term and equating it to equation (45) 
and simplifying : 


— x) AH," R dr,’ 


= 


Af, (r')] (47) 
In a similar manner, equating the heat reaching 
the primary decomposition interface q,' to the 
heat absorbed for the endothermic reaction based 
on an instantaneous primary decomposition rate, 
the following equation may be obtained : 


h, (tp tae) 
Equations (47) and (48) represent a set of simul- 
taneous ordinary differential equations which 
could be the 
method of Ruxce-Kurra [9]. The above equations 
may be rewritten in convenient forms to facilitate 


solved numerically by modified 


mathematical procedure, as under : 
(47a) 


dy 


y) 


ry 
Ss 


The following new symbols may be equated as 
under 


h, (tp — tas) A 
p, x AH,TR 


_ hy (ty tae) 
— a) MH,TR 
ky = ken; ke = A. 


Procedure. 

A time increment A @ may be chosen. With the 
help of the following ten equations and the initial 
values of XY and Y, the increments AY and A Y 
are determined. The relevant equations are : 


5, (—“e¥e_) AO = f Yo) AO 


Yo — 


k. | Yo _ 
Yo ks (1 Yo) (Yo Zo) 
= £ (Zo. Yo) AO 


| 


f + 


Once the space increments are evaluated, the 
new set of values for the dependent variables Y 
and Y will be the starting point for repetitive 
procedure outlined above. The numerical analysis 
will continue till the sum of successive increments 
in X add up tor,’. At this stage, it is evident that 
primary decomposition will be complete. The 
time taken for this decomposition will be given 
by the addition of @, with the sum of the successive 
time increments A @ obtained by the numerical 
procedure. The radial position of the secondary 
decomposition plane, r,,’, will be given by the 
difference between 1 and the sum of the successive 
space increments, AY. The time taken for the 
completion of secondary decomposition will be 
given from a form of equation which may be 
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obtained by the integration of the rearranged 


energy balance equation between limits: 


3 0. The equation may be derived 
as 
kin) Kye, 2 
2 
3 2 
a) 
las) 


(49) 


Pg (1 


where 
h, ( tp 


From the above analysis it is evident that in 
the evaluation of the total time required for the 
complete decomposition of the mixed carbonates 
into a mixture of oxides there is partial over- 
lapping of primary and secondary decompositions. 
Whereas those parts of the decomposition which 
occur independently may be evaluated from 
analytical expressions derived in Part 1, for those 
which overlap the decomposition period has to 
be evaluated by numerical approximations which 
can be facilitated with the help of an electronic 


computer, 


Case 2. Cylinder 

Proceeding in a manner similar to that adopted 
for a sphere, at any time during the free primary 
decomposition of MgCQ,, the surface temperature 
of the cylinder may be given by an equation 

similar to (20); 
(ty la Kin In r) 


(50) 
The critical radius rv,” will be obtained on sub- 
stituting t = ty 


r exp (— A) (51) 


The duration of the free decomposition may be 
evaluated through an equation which may be 
derived as 


= a, | (0-50 + O25 


Kin In O25 Kin 2 (52) 
The problem of secondary decomposition will 
now be examined only for the case when the 
magnitude of A lies between 0 and 1. For this 
case distinct decomposition boundaries may be 


visualized for both MgCO, and CaCO,. Proceeding 


as for a sphere, the net accumulation of heat at 
the secondary decomposition plane may be evalu- 
ated. On equating this to the instantaneous 
absorption of heat for the endothermic reaction 
calculable as the product of instantaneous de- 
composition rate and heat of reaction, an equation 


similar to (47) may be obtained as 


dr,’ 
de 


A 


In ry ) In ry r,) 


(53) 


r, (1 
Further, equating the amount of heat reaching 
the primary decomposition plane to the product 
of the instantaneous decomposition rate and heat 
of reaction, another differential equation may be 
obtained as follows : 

dr,’ ky 


dé (r, Inv,’ ry) 


The manner of solving the above set of simul- 
taneous ordinary differential equations and the 
subsequent method of calculation of decomposi- 
tion times are just similar to those followed for 
the case of the sphere cited earlier. An illustrative 
example of the numerical analysis will now be 
indicated for the case of a sphere. 

Data. Most of the data for the system are 
taken from Handbook or ICT. MgCO,: 
304g mi 
83°43 
1186 B.Th.U tb 
Decomposition temperature 
Heat capacity of CO,(average) 0-298 B.Th.U Ib °F 
1835 F 
1IOB.ThU 
ou 


Density 
Molecular weight 


Heat of decomposition 


Furnace temperature 
Radius of sphere 
Radiation coetlicient 
Moditied Nusselt number 
Weight fraction in mixture 


Effective density of mixture 159 Ib ft® 


Critical radius from 
equation (35) 22 
Critical time from 


equation (39) 0-193 hr 


The starting values for the space co-ordinates are : 


X, — 022; = 10 


Thermal decomposition 


of calcium carbonate 


Secondory 
decomposition 


Primary 
decomposition 


| 


L 


002 0-05 


TIME 


Fic. 7. 


numerical values for the constants are 


TI 
rhe 


1-23; ky OD; ky B55 


The time increment may be fixed at 0-01 hr and 


the numerical computations are performed on 
an IBM 650 computer, The results are expressed 
in the form of Fig. 7. From the results it is evident 
that the primary decomposition is complete within 
O-SS hr the total 


1°50 hr. 


within 


and decomposition, 


Conclusions 


The mathematical treatment has been based 
on quasi steady state conditions. It may be pos- 
sible to develop a more rigorous unsteady state 
heat and mass transfer analysis for the decompos- 
This 


attempted nor an analysis for the case of mass 


ing sphere or cylinder. has not been 


transfer for the two-phase system, based on quasi- 
steady state conditions, as probably, no new ideas 


can be visualised. It may appear that the de- 


composition pattern postulated for the mixed 


carbonates may be too simple, but such a simpli- 


02 


03 


(Hrs ) 


Thermal decomposition of mixed carbonates. 


fication is a necessity to keep the mathematical 
complexities within reasonable limits without, 
however, indulging in over-simplifications. Finally 
it 
mathematical procedures enumerated in Part II 


may be remarked that the verification of the 


of this contribution must await future reliable 


experimental data for the physical properties of 


the system. 


NOMENCLATURI 


heat capacity 

sphere diameter 
diffusion coetlicient 
porosity 

functions 

heat of decomposition 
film coeflicient 
Moditied Nusselt 
mass transfer coeflicient 


number 


constants 

length of cylinder 

mass transfer rate 

partial pressure 

heat transfer rate 

radius of sphere or cylinder, gas constant 
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radial position 

dimensionless parameter = r R 

mean radius 

temperature 

mass of the substance decomposing 

mass fraction, dimensionless space co-ordinate 
dimensionless space co-ordinate 


equivalent film thickness 
emissivity 

density 

time 

constant 

tortuosity factor 
dimensionless parameter 


REFERENCES 
PoLanyi M. and Wiener E. Z. Phys. Chem. 1928 A 139 439. 
SATTERFIELD C. N. and Frakes F. Amer. Inst. Chem. Engrs. J. 1959 5 115. 
Carmen P. C. Flow of Gases through Porous Media p. 79. Butterworth Scientific Publications, London 1956. 
Hastam R. T. and Smrrna V. C. Industr. Engng. Chem. 1928 20 170. 
Bryant W. M. D. Industr. Engng. Chem. 1933 25 821. 
Lanomurr I. Phys. Rev. 1918 12 368. 
Cuitron T. H. and Cotsurn A. P. Industr. Engng. Chem. 1934 26 1183. 
Hovucen O. A. Reaction Kinetics in Chemical Engineering CEP Monograph series, No. 1. Vol. 47 p. 54 1951. 


Suerwoop T. K. and Reep C. E. Applied Mathematics in Chemical Engineering (ist Kd.) p. 132. MeGraw Hill, 


New York 1939. 


Sarrerrieiy C. N. and Feakes F. Amer. Inst. Chem. Engrs. J. 1959 5 115. 
Brrrron Trans. Faraday Soc. 1952 48 63. 


VOL, 
16 
196: 


re Z, 
p 
t 0 
“ 
xX 
) A 
(1) 
3 
(6) 
[7] 
[8] 
{10} 
20 


Chemical Engineermg Science, 1961, Vol. 16, pp. 21 to 30. Pergamon Press Lid., London. Printed in Great Britain, 


Mass transfer with chemical reaction 


J. G. vAN DE Vusse 


Koninklijke /Shell-Laboratorium, Amsterdam 
(Shell Internationale Research Maatschappij N.V.) 


(Received 11 May 1960) 


Abstract A description is given of the kinetics of simultaneous mass transfer and chemical 
reactions as occurring in gas-liquid systems. Expressions have been derived for the over-all 
reaction rate both for the stationary and the unsteady state. Use has been made of the film 
theory and of the penetration theory. 
The case of a reaction of zero order in the gaseous compound, which has not yet been dealt 
MOL, with in literature, is treated. This case is often encountered in oxidation reactions of hydrocarbons. 
16 It is shown that at high transfer rates the over-all reaction rate will approach the chemical 
962 reaction rate. 


Résumé—-L ‘auteur donne une description de la cinétique du transfert de matiére et des réactions 
chimiques se présentant simultanément dans des systemes gaz-liquide. Il a déduit des équations 
pour la vitesse réactionnelle totale aussi bien pour l'état stationnaire que pour l'état non-station- 


naire, en se servant des théories de la couche mince et de la pénétration. 
Le cas d'une réaction d’ordre zéro par rapport au composé gazeux, qui n'a pas encore été 


mentionné dans la littérature, est traité. Ce cas se présente souvent dans les réactions d’oxydation 


d’hydrocarbures. 


L’auteur démontre qu’a de hautes vitesses de transfert, la vitesse réactionnelle totale s’appro- 


chera de la vitesse réactionnelle chimique. 


Zusammenfassung — In manchen Gas—Fliissig-Systemen finden Masseniibergang und chemische 


Reaktionen gleichzeitig statt. Die Kinetik dieser gleichzeitig vor sich gehenden Prozesse wird 


beschrieben. Fiir die gesamte Reaktionsgeschwindigkeit, sowohl im stationiren als im nicht- 
stationiren Zustand, wurden mit Hilfe der Film- und der Durchdringungstheorie Formelaus- 


driicke abgeleitet. 


Ferner wird der Fall einer Reaktion nullter Ordung (bezogen auf die gasférmige Komponente) 
behandelt, der bis jetzt in der Literatur unberiicksichtigt geblieben ist. Ein solecher Fall tritt 


hiufig in Oxydationsreaktionen von Kohlenwasserstoffen ein. 
Es wird gezeigt, dass sich bei hohen Ubergangsgeschwindigkeiten die yesamte Reaktions- 
geschwindigkeit der chemischen Reaktionsgeschwindigkeit annihert. 


1. 

Mass transfer between phases has become a 
subject of major importance, particularly in 
industrial operations involving absorption, extrac- 
tion, ete. In many of such processes mass transfer 
and chemical reaction take place simultaneously, 
as for instance in the chemical absorption of a 
gas in a liquid. 

During recent years the process of simultaneous 


absorption and chemical reaction has been studied 
both theoretically and experimentally by many 
investigators. Most experiments dealt with the 


absorption of CO, and NO, in aqueous solutions. 

Expressions for the over-all absorption rate, 
which were derived from the diffusion equation, 
could be used for evaluation of the experimental 
results. It might have been expected that in 
principle identical expressions could be used for 
evaluation of the over-all reaction rate in gas— 
liquid reaction systems, e.g. in the oxidation of 
hydrocarbons by gaseous oxygen. However, an 
analysis shows that most oxidations belong to a 
type of reaction to which the existing expressions 
do not apply. 
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The existing theories will therefore be revised 
and extended so as to include this type of reaction. 


2. Basic Turory axnp Equations 
Basic theory 

Gas liquid reactions involve physical transport 
processes and chemical reactions. The over-all 
reaction rate is controlled by the physical transfer 
rate and or by the chemical reaction rate and can 
in principle be calculated from these two rates. 
Prior to this calculation a description of the 
transfer mechanism must be given. Two generally 
used concepts of this mechanism will be discussed. 

Film The 
applied is based on the two-film concept of 
Lewis and [1], [2]. 
stagnant layer or film in the gas and in 


theory. theory most frequently 
It postulates a 
the 
liquid phase, At the interface there is equilibrium 
between the concentrations in the gas and in 
the liquid. Outside the two films the respective 
reactant concentrations in liquid and gas are 
On the basis of this 


theory formulae can be derived for the stationary- 


considered to be uniform. 


state absorption process starting from the diffusion 
equations for the stationary state. 

More 
Hicerm [3] and of Danckwerrts [4] assume that 


Penetration theory. recent theories of 
after some time the interface is renewed by fresh 
The turbulent 


supposed to penetrate towards the interface. 


liquid and fresh gas. eddies are 


The elements of gas and liquid leaving the 
the 


absorbed component. The time of renewal can 


interface are more or less saturated with 
be the same for all elements of fluid (Hicere) or 
can be described with a statistical distribution 
curve (DANCKWERTs). 

On the basis of this theory, formulae for the 
over-all reaction rate in the stationary state are 
First the 


equation has to be solved for a semi-infinite 


obtained. unsteady-state diffusion 


space. The ultimate rate equations for the sta- 


tionary state are then obtained by considering 
the process as consisting of a sequence of small 
unsteady-state absorption processes of small 
elements of volume, which regularly and contin- 
uously penetrate to the interface. 

In this article therefore three different types of 


rate equations will be discussed : 


(a) The film-theory equation. 

(b) The unsteady-state equation. 

(c) The penetration-theory equation. 

The first and the last equation apply to station- 
ary-state conditions, although the last is derived 
the 
under (b), 


with aid of the unsteady-state equation 


Basic equations 


In all the 
substance to be absorbed by the liquid at the 


equations concentration of the 
interface A, is taken as a basis, hence the diffusion 
in the gas phase may be left out of consideration 
[5]. 

After entering the liquid phase the solute starts 
to diffuse towards the main body of the liqnuid, 
but also immediately begins to react with the 
dissolved substance B. This means that there is 
also a diffusional transport of B in the opposite 
direction towards the interface. These processes 
the following differential 


are expressed by 


equations*® 


(1) 


A due 


D, 2?) represents 


where g, is the consumption of molecules 
to the chemical reaction ; 
the net diffusional transport rate and )4 is 
the accumulation rate of A. 
we get for B 


In the same way 


(2) 


If one molecule of A reacts with Z molecules of 
B. then &,— Z &,. In the following derivations 
we take Z land also D, dD, 
to solve the differential equations (1) and (2) the 


In order 


initial and boundary equations must be known, 

Generally the component B in the liquid is 
the 
concentration of A is assumed to be equal to the 


assumed to be non-volatile; interfacial 


value in equilibrium with the gas, where the 
partial pressure of A is constant. 


*In these equations a linear co-ordinate system has been 
applied, although for a dispersed phase a spherical co- 
ordinate system would have been more logical. However, 
the mathematical treatment would then become too in- 
volved. 

tSee also Nomenclature. 
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The initial concentration of B in the liquid 
before exposure of the liquid to the gas is assumed 
to be uniform. We now have to distinguish two 
cases, viz. the unsteady-state absorption process 
and the stationary-state absorption process, 


1. Transient or unsteady-state diffusion equations. 
In this case 


0 and 0. 
ot 


The body of liquid can be taken as effectively 
infinite and the concentrations of 4 and B must 
remain positive and finite. Then the following 
boundary conditions apply : 


(3) 
(4) 


B< B,. (5) 


The solutions of equations (1) and (2) subject 
to these conditions can be used in deriving 
formulae for the over-all reaction according to 
the penetration theory. 

2. Stationary-state diffusion equations. In this 
case 


dA 


‘ 


Equations (1) and (2) then reduce to: 


d? A 
dD li 
dy? 
B 


dx? 


(2a) 


The solutions of equations (la) and (2a) can be 
applied for the derivation of formulae for the over- 
all reaction rate based on the film theory. 

The boundary condition (4) still applies. 
However, because of the introduction of a finite 
film thickness v7, the other boundary condition 
changes. In the bulk of the liquid (2 > w,) the 
concentrations of A and B are assumed to be 
uniform: A, and B,. 

So, the following boundary conditions now 
apply : 


(4a) 


A A;,. (Sa) 


The chemical reaction, which enters the 
differential equations by means of the reaction 
rate € must be expressed in terms of A and B 
in order to solve the equations. 

To obtain from the solutions of these equations 
the over-all reaction rate we proceed as follows : 

The rate of diffusion of A into the liquid is 
given by 

N 4 (6) 
or 
If a é represents the amount of interface per 
unit of volume, then the over-all reaction rate R 
is given by 


(7) 


Another way of calculating the over-all reaction 
rate for the film theory is by considering that 


(8) 


where a d(N,—N,) gives the number of 
molecules reacting in the film region and a ¢ N 4’ 
gives the number of molecules reacting in the 
main body of liquid. The latter may be found 
from 


dA 


where €, is the chemical reaction rate per unit 


| 1 (9) 


ry 


volume in the main body of the liquid. 

If the stagnant film volume (a2,) is small 
compared with the total volume (¢), we may 
write 


With regard to the possibility of actually 
solving the equations the following observations 
may be made : 

If € — k AB (second-order reaction), a general 
exact solution appears to be impossible ; only for 
some special cases solutions or approximate 
solutions have been obtained. 
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An approximate, but accurate, solution for the 
stationary state, based on the film theory, has 
been given by and van 

A theory for a very rapid reaction under un- 
steady-state absorption conditions has been given 
by Danxckwerts [7] and by Surewoon and 
Picrorp 

If é 


can 


kA (first-order reaction), exact solutions 
be obtained. It has been shown by van 
KRrEVELEN [6], that in case of an excess amount 
of component B. the solutions for second-order 
reaction will become equal to the results for a 


B to 
uniform throughout the liquid. 


first-order reaction. is then assumed be 


Cuemicat Reactions 


kA) 

(a) Stationary-state diffusion process (film theory) 
A the 

equation for the case of a first-order reaction 

(¢ 


been given by Harra [9]. For the diffusion rate 


FIRST-ORDER 


3. 


solution of stationary-state diffusion 


kA) and a linear co-ordinate system has 


this author finds 


R 1) (1 ws) exp (p 
(1 p (p 
where 
H volume fraction of dispersed phase 
: lius of spl 
S of sphere 

yor D (r — radius of sphere) 
p 


distance p between 


The average halfway 
the spheres follows from 


n Tp 
where 
n number of spheres per unit of volume. 
If » +0 (at increasing stirring speeds) or if 
H+ 1(r =p). the over-all reaction rate R 
approaches the chemical reaction rate k A, 
(1 H), hence is independent of specific area 
and diffusivity, which is in agreement with 
physical intuition. For(p — 1)¢% > 2and » 1, 


the over-all reaction rate becomes 


sinh x 8 cosh « 


A, | 


cosh x 8 sinh x 


| uo 


k 
where x / and 8 
D a TaD 
Special cases. (i) x 
Then N, = A; VkD (11) 


The reaction takes place within the film. In the 
bulk of the liquid the concentration of A is zero, 
The reaction rate (R (a &) N,4) is proportional 
to the specific surface a 4, hence it will increase 


with increasing stirring speeds. The value of «, 


however, will decrease at increasing = stirring 
speeds, till eventually x = 1 and (11) no longer 


holds. 

In a spherical co-ordinate system with a dis- 
persed phase in the form of spheres there is a 
radial diffusion into the continuous phase, where 
With the boundary 
conditions that the concentration at the interface 


the reaction takes place. 


is constant and that the concentration gradient 
the ZCTO, 
Harpenor [10] derived for the reaction rate in 


“halfway” between spheres is 


spherical co-ordinates 


(12) 
1) (l + pw)exp(l 
BHA 
R "\ (kD) (13) 
r 

which is equivalent to equation (11), since 
3H ad. 


It may be noted that in the theory of diffusion 
and reaction in solid particles [11], where also 
use is made of a spherical co-ordinate system, 
similar results are obtained. Thus for a particle 
diameter smaller than 2, (Dk), the over-all 
reaction rate approaches the chemical reaction 
rate whereas for particle diameters larger than 
24 (Dk) equation (11) is obtained. 

(11) 


over-all reaction rate can become equal to the 


With the linear co-ordinate system the 
chemical reaction rate only if the quantity « in 
equation (10) is small compared to 1. 


1 
ky ty 


ky ( A, 


th 
(6/a)kA, 


N, (14) 


and also N, 


A,). 
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D 


where k, 
 & 


In this case the over-all resistance for the mass 
transfer combined with a chemical reaction may 
be considered as consisting of the sum of a 
physical and a chemical resistance. 

then N , 


Ik, A, kp A 


(physical transfer rate). 


if k, A, > then N, =kA,= 
a a 


(chemical reaction rate). 
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A solution of 


U'nsteady-state diffusion process 
the 
equation has been given by Danckwerrts [11] 
and by Surkrwoop and Picrorp [7]. The latter 


unsteady-state diffusion 


also considers the case of a reversible first-order 
For the the 
Laplace-transformed concentrations of A and B 


reaction. irreversible reaction 


become 


exp (15) 


p) | 
B, 


1, 


i exp 


(p — Laplace parameter). 


k Ay 


16 
(k + p)p 


These equations are only valid as long as the 
concentrations of A and B are positive. However, 
the concentration of B will after a certain time 
drop to zero, and since the concentration of A, 
and hence the rate of reaction, is always the 
greatest at the interface (2 = 0) the depletion of 
B starts at the interface. The concentration of 
B at the interface amounts to 


By + A Ay A, exp ( 


+ kt) Ty (Akt) + (4kt)] 


Ag exp - (17) 
I, and J, are the modified Bessel functions of the 
first kind, of the first 
respectively. It appears from equation (17) that 
the concentration of B at the interface (x 0) 
is independent of the diffusivity. This is due to 


zero-th and the order, 


the absence of diffusional transport of B at the 
interface : 
dD 0. 
or ret 
The * depletion ” time ¢,, for which B,, 9, = 0, 
follows from equation (17): 


[(1 + ktg) Ig + 1, | 


exp | Ma) 1, (sky) 
Ay (17a) 


This 


diffusivity for the same reason as B,, 9). A graph- 


depletion ~ time cannot be influenced by 
ical representation of relation (17a), which is 
given in Fig. 1, shows that depletion starts later 
at higher B, A 
approaches A 


ratios and starts sooner if A, 


as could be expected. For larger 


values of kt, equation (17a) simplifies to 


B, Ay kta 
A, 7 


For times greater than the “ depletion ” time 
instead of equations (1) and (2), the equations 


A 


k A H(B) and (18) 


k AH(B) (19) 


must be used, 
where the step function H (B) 
and H (B) 
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= 
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P 
+ (4: | 
at dz 
da? 
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Fic. 1. “ Depletion” time as a function of the 
reactants ratio A, for first-order reactions. 


The boundary value of x below which B will be 


zero is a function of t. An analytical solution of 


this “ moving ~ boundary problem could not be 
found, At extremely high values of the reaction 
rate constant k, the problem can be simplitied 
considerably by assuming a thin reaction front 
at the “ moving” boundary, so that the reaction 
rate € can be left out from the diffusion equations, 
A solution has been given by Surrwoop and 
Picrorp [8] and by Danckwerrs [7]. 

For times ¢ smaller than the “ depletion” time, 
the unsteady-state reaction rate follows from 


dA 
D| 
t 
A, y (kD) ert (At) 
\ kt 
) 
(20) 


al 
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For large values of kt (At » 1), we get 


A, Vk dD. (21) 


The rate of diffusion is now independent of ¢, as 
could be expected, The expression (21) represents 
the stationary diffusion rate in the case of a 
molecular diffusion with simultaneous reaction 
throughout the liquid. The same expression is 
obtained in the film theory, if the reaction takes 
place in the film only (equation 11), 


Stationary-state diffusion process (penetration 


theory) 


According to the penetration theories the over- 
all reaction rate can be found from 


N (t) dt. 


where f(f) is a function giving the distribution of 
residence times of the elements of liquid, 
In the Hicsie concept it is 


f(t) —_for 0<t< @ 


and {(j)— 0 for 0<t 


where @ residence time on interface. 
In the Danckwerts concept it is 
s exp | st) for 0 t{< 


where s is reciprocal average residence time of an 
element of volume at the interface. 
Hence, in the Danckwerts concept, 


R Ds | (=< st) dt 
or 
R ) (22) 


where ()4 dW), 4 is the Laplace-transformed 
gradient of A at x — 0, with s as parameter. 
Since the residence time of the elements of fhuid 
at the interface varies between zero and infinity, 
strictly speaking equation (15) cannot be applied. 
However, if the average residence time 1 8 is 


26 

/ 
j 16 

| 

j 

26 
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small compared with the “depletion” time, 
then the contribution in the diffusion rate of the 
elements of volume with a residence time larger 
than the * depletion ” time will become negligibly 
small, 

Differentiation of equation (15) and substitution 


in equation (22) gives 


dD 
R =~ +8) D] — = Ags /( —}. (23) 
Ay is not a specifiable constant in the penetration 
theory but is rather the average value of A for 
the elements of fluid that have come to the 


interface. 


The value of the average concentration A, of 


the elements of fluid equals the concentration in 
the bulk of the liquid and is found from the 
equivalence of the diffusional transport rate and 
the bulk reaction rate: 


K s)] | A, 


Hence: R —k A, 


kA, (k+ s)] 


(ke s)] \ s)] (38) 


It may be assumed that at increasing stirrer speeds 
both a é and s will increase. 
From equation (24) it follows that 


the reaction rate R becomes 


A, and R 


k, then Ay 
as must be expected. 


If moreover 


4. Reactions wirt 

in = kB) 

No literature has been found on a_ theory 
considering this case. This may be due to the 
fact that a reaction according to this type does 
not seem to occur frequently in absorption 
processes. However, it can be shown that a 
reaction mechanism according to this type 
frequently occurs in chemical gas-liquid reactions 


27 


as, for example, in the oxidation of hydrocarbons 
(see appendix). The equations pertaining to this 
type of reaction and their solution will be derived 


below. 


(a) Stationary-state diffusion process (film theory) 
The over-all reaction rate in this theory 


becomes : 


1 k 
R \ (AD) B, tanha, 


ony, 
kB, (1 ). (25) 
The first term in the right-hand member of equa- 
tion (25) represents the reaction rate in the film, 
the second term the reaction rate in the bulk of 
the liquid. 

At low. stirrer speeds (k and 


equation (25) becomes : 


R 5 (1 (26) 


At high stirrer speeds 7, , (k D) < 1 and then 


equation (25) becomes : 


R = kB, (chemical reaction rate). 


(b) U'nsteady-state diffusion process 
The solution of the equations (1) and (2) gives 


for the Laplace-transformed concentrations A 


and B: 


p p(k +p) 


kB 
/(5)*|- 


B 
and B 


(29) 


The concentration of B — By, exp (— &t) is inde- 
pendent of w as long as A remains positive. 
However, also here the reactant A will be depleted 
after a certain time and since the concentration 
x, depletion starts at 
2 only if 


of A will be lowest for a 
infinite 2. A will be positive for a 
B, 

B, Ay 
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Since in most practical cases A, will be small 
compared with B,, condition (30) means that the 
2) are valid only for small 
be used at all if 


In the same way as with the first-order 


equations (1) and 
values of At and even cannot 
A, = 0. 
reactions, the equations 


A 


dA 


ABH (A) (31) 


(32) 
da* 


must be used, instead of equations (1) and (2). 
Here, H(A) —0, if A< 0 H(A) 1 if 
A > 0. 


An analytical solution 


of these non-linear 
differential equations could not be found in this 
ease either. 

If condition (30) is fulfilled the rate of diffusion 


N, is 


Ay) \ D 


2 B, exp — At) dv. 


vat 
integral | exp — kt)dv can 


only be 


The 


solved by numerical means [12]. For small values 
of kt (ket 1) the value of the intregal is given by 
v kt 
| exp (v? — kt) dv \ At 


. 


and the number of molecules diffusing into the 


liquid may then be found from 
D j= 


(c) Stationary-state diffusion process (penetration 


(34) 


theory) 
A 


where depletion 


Here the elements of fluid carry reactant 
to the bulk of the liquid (7 
of A can only be prevented if 1s is small compared 
with the “depletion ” time. 

By making use of equations (22) and (28) the 


28 


reaction rate according to the Danckwerrs’ 


concept would be 


a 
R 3 \ (Ds) A, 

The value of Ay again follows from the equiva- 
lence of diffusional transport rate and chemical 


reaction rate (R — k B): 


kB 
(a \ Ds 


Ay k 


(36) 


s 


will not be 


The (R k B) 


influenced by stirring as long as 


reaction rate 
A is positive 
throughout the liquid, since B remains indepen- 
A drops to zero (to start 


dent of w. As soon as 


with at 2 *), an influence of stirring on reac- 
tion rate can be expected. 
5. Discussron 

In Man heterogeneous reaction systems the 
over-all reaction rate is determined both by the 
chemical reaction and the transfer of the reac- 
In these cases it is of importance to 
the 
steps, because during scaling-up the individual 


tants. 

evaluate quantitatively rate-determining 
processes are affected in a different way. In the 
preceding section the mathematical expressions 
for the over-all rate, which are necessary for this 
evaluation, have been derived. These fulfill the 
condition that at higher transfer rates the over-all 
rate will approach the chemical reaction rate. 
The expressions based on the film theory are more 
explicit than those based on the penetration 
influences of 
the overall- 


theory. The quantitative mass 


transfer and chemical reaction on 
rate still await experimental confirmation. Until 
this has been obtained the equations should be 


used with some reserve. 


APPENDIX 
Kinetic analysis of oxidation reactions 


The oxidation of liquid hydrocarbons by oxygen is 
generally assumed to be a free-radical chain process, where 
the primary products are hydroperoxides. 

The following reaction mechanism is assumed to account 
for the oxidation of the hydrocarbon (RH) to peroxide 
[18, 14): 


VOL 
16 
| 
dA (A, 
N, 
| 
= 


VOL. 
16 
1962 


Mass transfer with chemical reaction 


Initiation : Production of R* or RO," radicals. 


hy 
Propagation: O, > RO,’ ; 


ko 
RO! ROOH | 


Termination: > non-initiating 
RO,” or non-propagating 


2 RO, producis 


It is further assumed that the conditions are such that 
the mass transfer rate of oxygen is not a limiting factor. 
This means that when in this autoxidation reaction the 
concentration of the chain-carrving radicals has reached 
a stationary state, the oxidation rate (in moles of oxygen 
consumed per unit time and volume) can be found from 
[13, 14]: 

d 


k 110 
dt 


d{RO,") 


0 and 
dt dt 


d(RO,*) 


k 
dt 


(RO,*) (RH). 


Assuming that [R* RO,*|, which is determined by the 


intitiation and termination reactions, will be constant, it 
can casily be shown that 


K 

ky (RH) RO,). 


where A 1 
and A, 
The ¢ , absorption rate will not be affected by decomposi- 
tion of the peroxides, unless O, is consumed or formed in 
the subsequent reactions. 
The following two cases can be cistinguished : 
ky (Oy) 
(RH) 
Then K 


(1) 


ky (RH) + 
ky [RO,*). 


The reaction is zero-order with respect to oxygen. 
ky 
hy (RH) 
Then A kK, 


(2) 


k, (Og) 


The reaction is now a first-order with respect to oxygen, 
This case will occur at low oxygen concentrations in the 
liquid hence at low oxygen pressures in the gas phase. 

The kinetic aspects of the oxidation of hydrocarbons 
indicated by the mechanism outlined above are in general 
agreement with experimental evidence [13-17]. At 
oxygen pressures higher than about 20cm Hg most 
oxidation rates are independent of oxygen pressure and 
proportional to hydrocarbon concentration. This is what 
is usually encountered in practical applications: most 
oxidation reactions belong to the type ¢ kB (zero-order 


chemical reactions). 


NOMENCLATURE 


concentration of component A 
kgmol 


interfacial area per unit volume 


concentration of component B kgmol m?® 


D coetlicient of diffusion see 
i (subscript) — interface 
kgmol sec 


1 


reaction rate 
reaction constant sec 
mass transfer coeflicient sec 
rate of mass transfer per unit area of 
kgmol see m? 
3 


interface 
kgmol sec 
1 


over-all rate of reaction 
fractional rate of renewal of surface sec 
time sec 
dimension perpendicular to interface 

effective film thickness m 
residence time see 


rate of chemical reaction kgmol see m® 
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Abstract A new expression is presented for the thickness of the adsorbed layer of nitrogen 
on a porous catalyst. Its use requires two commonly derived properties of porous catalysts, 
the average pore radius, * and the heat-of adsorption constant ¢ obtained from the B-E-T 
(Brunauer-Emmett-Teller) surface area equation. Using the new expression adsorption 
isotherms can be developed for analytical pore size distribution functions of any type. These 
may be compared with experimental adsorption data to ascertain the most suitable pore size 
distribution. It is advantageous to have an analytical function for the pore size distribution 
VOL, when additional calculations, for example of effectiveness factors, are to be made. 
16 Tables are presented for computed isotherms in terms of values of * from 10 to 200A and ¢ 
1962 from 50 to 400, 

Résumé— Les auteurs présentent une nouvelle expression de lépaisseur de la couche d’azote 
adsorbé sur un catalyseur proeux. Son utilisation nécessite la connaissance de deux propriétés inhé- 
rentes au catalyseur poreux : le rayon moyen des pores 7, et la constante C, chaleur d’adsorption 
obtenue partir de Véquation de (Broxaven Tener). possible a partir 
de cette pression de determiner les isothermes d'asorption pour des fonctions analytiques de la 
distribution des pores suivant leurs dimensions. Ces isothermes peuvent étre compares avec les 
données expérimentales sur Vadsorption afin détablir la meilleure distribution des pores. Une 
telle fonction analytique est intéressante quand on doit caleuler par exemple des facteurs 

Des tableaux sont donnés pour des isothermes obtenus par le caleul, avec 10 < 200A 
et DW <e 
Zusammenfassung Fiir die Dicke ciner adsorbierten Stickstoffschicht auf einem porosen 
Katalysator wird cin neuer Ausdruck angegeben. Zu seiner Benutzung bendtigt man zwei allge- 
mein ableithare Kigenschaften poréser Katalysatoren, den mittleren Porenradius * und die 
Konstante der Adsorptionswiirme ¢ aus der B.E.T. (Brunauer-Emett Teller) — Oberflicheng- 
leichung. Mit Hilfe des neven Ausdrucks kénnen Adsorptionsisothermen fiir alle analytisehen 
Porengréssenvertcilungsfunktionen entwickelt werden. Sie kénnen dann mit « xperimentellen 
Adsorptionsdaten verglichen werden, um die gecignetste Porengréssenverteilung zu ermitteln. 
Ks ist vorteilhalft, cine analytische Funktion fiir die Porengréssenverteilung zu besitzen, wenn 
zusitzliche Berechnungen, z.B. von Wirkungsfaktoren, gemacht werden sollen. 

Es werden Tabellen angegeben fiir berechnete Isothermen fiir Werte von * von 10 bis 200A 
und fiir ¢ von 50 bis 400. 


For studying temperature and concentration type of catalyst material, the mean pore radius 
gradients in porous catalysts it is frequently and the heat of adsorption. 

advantageous to have an analytical expression for Two general methods have been proposed for 
the pore-size distribution rather than a table of | evaluating pore size distributions of catalyst 
numerical results. The objective of this paper is materials from low-temperature nitrogen adsorp- 
to be able to predict, from a minimum of data, tion isotherms. In the first or numerical method 
reliable functions of the Maxwellian or Gaussian — the adsorption data are differentiated to obtain 
type. An important aspect of the prediction a numerical pore size distribution [1, 2]. The 
procedure is the relationship between the thickness second procedure, which yields an analytical 
of the adsorbed layer of nitrogen on the pore distribution function, is to fit proposed functions 
surface and the relative pressure, P Py. It has to the adsorption data. In both methods the 
been found that this thickness depends upon the volume of the adsorbed nitrogen is divided into 
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a physically adsorbed layer and a 
For the condensed 


two parts: 
capillary condensed volume. 
volume the Kelvin [3] equation is applied to a 
fictitious radius of an assumed cylindrical pore. 
For the adsorbed layer an empirical equation 
based upon experimental data is normally 
employed. 

If the Kelvin equation is applied to an isotherm 
the volume per unit catalyst weight not adsorbed 
with nitrogen at a relative pressure, P P,, is 


(PL (r)d (1) 


rir - 

R, 
The symbols are defined in the nomenclature. 
This equation assumes straight, cylindrical pores 
of varying radius and constant length. The critical 
divides the distribution 
At values of pore radius larger 


size 


radius pore 


pore 
into two parts. 
than R, the pores contain only the physically 


than 


and 


adsorbed layer, while pores smaller 


contain capillary condensed nitrogen are 
completely filled. 
The Kelvin equation applied to nitrogen at 
195-8 C becomes, in Angstrom units 
41428 | log,, | (2) 
The second or analytical method, first proposed 
by Suuus [4] and Wurecer [5], is to assume an 
analytical form for the distribution function. Z (r). 
and then obtain the adsorption curve by inte- 
grating equation (1). These computed adsorption 
curves are compared with experimental data to 
ascertain an approximate type of pore size distri- 
bution function. In general two types of distribu- 
tion functions are used, Maxwellian and Gaussian, 
i.e. 
Z™ (r) A™ + exp ( 


(r) ro 


is a width parameter taken as 2 for a 


r To) (3) 


exp [ 1)?] (4) 
Where 8 
moderate distribution spread and as 5 for a narrow 
distribution spread. A value of infinity would 
suggest only one size of pore, equal to the most 
probable radius, ry. A more convenient parameter 
to use than r, is Wheeler's average pore radius 7 
based upon straight cylindrical pores of constant 


length, i.e. 


(5) 


To evaluate the relationship between r, and ?, 


equation (5) may be written: 


2 | arrLZirjdr 


rLZ(r)dr 


For a Maxwellian function for Z (r), equation 
(3), evaluating the integrals in equation (6) 
leads to 


(7) 


For a Gaussian function the result. is 


where 


7? B exp (B*) [1 erf (8) | (9) 


(10) 


To normalize the functions it is required that 
the 
satisfied : 


following equation for pore volume — be 


(11) 


0 


With this restriction, the normalization constants 
are 
1” ry 
tr L 


(12) 


2 exp (p*) 


A® (13) 


3 
7 L 


Evaluation of equation (1) with these functions 


gives for the Maxwellian case 


n + 4 


] 
exp ( 


and for the Gaussian 


jexp(— 
YB.1)\ B 


(1 w)* 


r 2 V, 8, |__| 
r= (6) 
VOL 
. 16 
(S) 
= 
B on 
(y+ 
| erfe (x)! (15) 
2 
3. 
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where : 


(16) 


(17) 
(18) 
(19) 


In utilizing equations (14) and (15) to determine 
Z(r) it is necessary to have expressions for only 
(R, — t) and ¢ in terms of the relative pressure. 
Equation (2) provides this information for 
(R, — t). A relationship for the adsorbed layer 
thickness is developed in the next section. 


or Layer 


The adsorption data made available — by 
Jounson [6] were employed to evaluate the rela- 
tionship between ¢ and other parameters. These 
experimental results were obtained in the manner 
described by Ries [7] and were accurate to appre- 
ciably better than 1 per cent. They are similar 
to earlier data published by Jonson [8]. The 
data cover a range of catalyst variables whose 
values are summarized in Table 1. The adsorption 
information was employed in a trial and error 
solution of equation (14) to obtain values of ¢ 


for all the catalyst materials. Data over the same 
range of relative pressure was used as is required 
in establishing the B-E-T equation. The results 
of these calculations were fitted to a Haisey [9] 
type expression : 


t =a [logy (P)/P)]'" (20) 


Here a and w are considered constants for a 
particular catalyst. 

Fig. 1 shows Jounson’s data applied to equation 
(20). Although each particular catalyst fits the 
equation well, it is apparent that @ and » are not 
universal constants but change from catalyst to 
catalyst. It is desirable to express a and w# in 
terms of easily obtained parameters. Since the 
BET equation is widely employed the two 
constants which can be derived from this equation 
were used. One such parameter is the average 
pore radius and the other the thickness of the 
monolayer, Since the thickness of the monolayer 
of adsorbed nitrogen can be estimated for an ideal 
flat surface the deviation from this value was 
employed. The value of the relative pressure at 
which one monolayer occurs is evaluated from 
the B_E-T equation; ice. 


P P (e 1) 


o-2 


0-3 


(109,,(P/Pa), per log (P/R,)) 


Fic. 1. Adsorbed thickness variance. 
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Table 1. 


Catalyst types* and computed properties 


Catalyst 
Code Type 

Virgin Aerocat, silica alumina 

Davison, silica-magnesia, NDA-30 

Nalco, silica—alumina, HA-60 

Virgin Filtrol D 

* J,” 


y-Alumina obtained from boehmite 


chromia alumina 


0-520 
265 


O475 


g) 


O44 
20 
230-0 
740 


0-969 
O-925 
056 


*Data supplied by 


When JV is set equal to VV). the volume adsorbed 
fora monolave r. the corresponding pressure ratio 


Is 


(P Pode (22) 
1 

Since a value of ¢ from a B-E-T graph is already 
the 


additional data are required to evaluate (P Pel 


needed to determine surface area, S,, no 
The thickness of the ideal monolayer can be 
estimated from the Lennard-Jones force potential 


function as given by [10]; 
iz 
(=) 


If the equilibrium molecule separation ; 


(23) 
WS 


given by @ is assumed to be the molecular 


separation for the saturated liquid 


Zh) 


Pm \= 


where ¢,. is the thickness of the adsorbed mono- 


layer. For nitrogen this value is #132A. Using 


this result in equation (20) gives 


P la 
$132 logiy 
[lose (42). | 


which is an expression for the ideal monolayer 

thickness corresponding to a flat surface. 
Combining equations (20) and (25) results in an 
equation for the thickness of the adsorbed layer 

in terms of the monolayer values, i.e. 
t 
a 
4-132 


logy, (P Pom 


(26) 
logy» (P/ Po) 


Jounson [6). 


Here a’ may deviate from unity because equation 
(25) is for an ideal monolayer. The ¢ values for 
the catalysts described in Table 1 were plotted in 
Fig. 1 so as to evaluate the constants a’ and n. 
that a 
pore radius, 7, of the material, as shown in Fig. 2. 
This that the 


changes as average 


It was found varied with the average 
indicates 
the 


curved, presumably due to changes in the packing 


monolayer thickness 


surface becomes more 
The value of 


the B-E-T 


This suggests that 


arrangement of the molecules. 


showed some dependence upon 
constant ¢ as shown in Fig. 3. 
the heat of adsorption influences the thickness 
of the adsorbed layer. Utilizing a least squares 
analysis these results may be written in equation 


form as follows: 
126 0 085 


1-42 (1 0-002 1 2c) (28) 


In equation (27) the units of 7 are A, Utilizing 
these expressions in equation (26) gives the final 
the 


adsorbed layer in terms of 7, and ec, and P P,, 


equation for predicting the thickness of 


t = 5-19 (F)- 0085 


(1 
logye (P/ Po) 


1 0- 0021 2e) 


(29) 


This expression may be applied to a variety of 
porous materials, taking into account the specific 
nature of the catalyst through the values of ¢ and 
r. In comparison equation (20) with definite 
values of a and » will apply for but one material. 


S, 
(m? uv) (A) c | a 
588-0 21-4 1-38 
582-0 170 
430-0 32-0 166 
271-0 270 211 
53-3 96-0 
5710 25-6 1-77 
VOL 
16 
(27) 
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Monolayer deviation constant. 


1-418 0-0030¢c 


n 


a’ = 1255(7) °°" 


00! *(,0 
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Inverted isotherms. 


Eaperimentai dota 
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Inverted isotherms. 


Table 2. Sample-computed inverse isotherms 


Using equation (29) for ¢ and equation (2) for r 20. A € 50 


(R, — t) adsorption curves can be computed for 
any pore-size distribution function. Figs. 4 6 
show the results for three of the catalysts in Tabk Mazwellian | “*™ssten Gaussian 
1. In all cases the calculated distribution fits the 


experimental data well up to the value of P P, 0-050 7162 TO90 0-7067 
100 0-6699 6614 0-6558 


2) (fp 5) 


at which the various distribution functions begin 
to show a marked difference. The calculated 
curves using the Maxwellian and Gaussian 0-5568 5444 0-5478 
distribution functions cannot be expected to rep- 300 O-5177 3017 0-5102 
resent the data exactly since the actual pore size 350 1763 $520 0-4661 
4315 3919 0-3986 
450 BS27 3179 0-2810 
8203 2297 00-1243 
could be repeated with a more complicated form 550 e715 00-1335 0-0213 


for the analytical size distribution function. In 0-600 2102 0-0559 06-0006 
this way agreement between calculated and ex- 0-650 0-1481 0-0121 
to O-1181 0-0038 
00899 0-008 
higher values of P 
‘72: 0-06-44 


distribution may have several peaks in the 
distribution curve. However the same procedure 


perimental results could be obtained up 


For comparison with the proposed procedure 0-0425 
(equation 29), a dotted line in Fig. 4 ts shown for : 0-0251 


the Gaussian distribution using the adsorbed 8 0-0127 
0-0052 


thickness equation recommended by 
0-850 0-0015 


[5], te. 
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5 13 
(30) 


It is observed that the results using this expression 
do not agree with the data at low values of the 


relative pressure. Agreement should be obtained 


in this pressure range since the change in thickness 
of the adsorbed layer contributes significantly to 
the total nitrogen adsorption. 

To make the results of this study useful for 
obtaining analytical, pore size distribution fune- 
tions, low temperature nitrogen adsorption tso- 
therms have been computed for values of * from 
10 to 200 and values of ¢ from 50 to 400 [11], 


They were obtained by numerical evaluations of 


equations (14) and (15) using equations (2) and 
(29) for the thickness of the adsorbed laver. The 
values isotherm are 


numerical for a sample 


given in Table 2.) By comparing experimental 
adsorption data with these Tables one can choose 
a suitable, analytical distribution function. This 
procedure has been used to obtain analytical 
equations subsequently employed for effectiveness 


factor caleulations for porous catalysts [12], 


NOMENCLATURE 


normalization constant for distribution function 
constant in equation (20) for thickness of adsorbed 
layer 

monolayer multiplication value 


B-E T equation constant 
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Abstract Techniques have been developed for measuring the interfacial area in gas-liquid 
dispersions. It has thus been possible to measure the liquid phase mass transfer coefficients 
in gas-liquid dispersions such as are produced in aerated mixing vessels, and sieve and sintered 
plate columns. 
The results have been combined with other published data for heat and mass-transfer in 
VOL, liquid liquid and solid gas dispersions in which the dispersed phases are free to move under 
16 the action of gravity, and also with data on transfer by free convection from spheres. 


These data can all be correlated by 


h Ap £ 
ky (Ng)? ‘ Ost | 


p Pe 


For large gas bubbles which do not behave like rigid spheres as the smaller ones do 


J 
re 


Ap 
ky 2 = 0-42 | 


If the particles of the dispersed phase are not free to move under gravity and transfer is 
due to turbulence in the surrounding tluid, 


’ 
he (Np,)? = O18 (3) 
P Pe Pe 
where Pv is the power dissipation per unit volume. This corcelation applies to heat and mass 
transfer in mixing vessels where the solid phase is in the form of a single fixed submerged body 
and also predicts the small increase in mass transfer coeflicients as the power dissipation level 
is increased beyond that needed for just completely suspending dispersed solid particles in 
mixing vessels. The correlation also applies to heat and mass transfer in turbulent fluids flowing 
through fixed beds of particles and through pipes. 


Résumé — Des méthodes ont été développées pour mesurer la surface d’échange dans les dispersions 
gaz-liquide. Cest ainsi qu'il a été possible de mesurer les coeflicients de transfert de masse en 
phase liquide dans des dispersions gaz-—liquide telles que celles qué Ton rencontre dans des 
meélangeurs a air et dans des colonnes a grilles, et a plateaux frittés. 

Les résultats ont été comparés avec d'autres données publiées pour les transferts de masse 
et de chaleur dans les dispersions liquide—liquide et solide-gaz ot: les phases dispersées sont libres 
ile se déplacer sous Vaction de la pesanteur et également avee les données sur le transfert par 
convection libre de sphéres. 


Ces données peuvent toutes étre mises sous la forme : 


13 
h A g 


pre 


Pe 


Pour de grosses bulles gazeuses qui ne se comportent pas comme des sphéres rigides con- 
trairement aux petites bulles, on a: 


Me 


\p 


ky (Ngo)! ® O42 | 
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Si les particules de la phase dispersée ne sont pas libres de se déplacer sous action de la 

pesanteur et si le transfert est do a la turbulence dans le fluide environnant, on a: 

kp (Np,)?3 = 013 (3) 

PP Pe 

ou Pv est la puissance dissipée par unité de volume. Cette relation s‘applique au transfert de 

chaleur et de masse dans les melangeurs of la phase solide se présente sous forme dun corps 

unique fixe ct submerge, et prevoit aussi le petit accroissement des coeflicients de transfert de masse 

quand la quantite d@eénergic dissipee est augmentée au-dela de ce qui est nécessaire pour disperser 

compléetement les particules solides dans les mélangeurs. La relation s‘applique aussi aux trans- 

ferts de chaleur et de masse dans les fhuides turbulents secoulant @ travers les lits fixes et a travers 


les tubes. 


Zusammenfassung wurden Verfahren entwickelt zur Messung von Phasengrenztfliichen 
in Gas-Flissigkeits-Dispersionen. Hierdurch war es moglich, die Stofftransport koeflizienten fiir die 
fliissige Phase bei Gas-Fliissigkeits-Dispersionen zu messen, wie sic in begasten Riihrkesseln sowie 
in Kolonnen mit Sieb- und Sinterplatten vorkommen. 

Die Ergebnisse wurden kombiniert mit anderen verdffentlichten Daten tiber den Wiirme- 
und Stoffaustausch in’ Flissig-Plissig- und Gas-Feststoff-Dispersionen, bei denen die verteilten 
Phasen sich frei unter dem ELinthuss der Sehwerkraft bewegen, und solehen Daten, bei denen der 
Transport durch freie Konvektion von Kugeln erfolgt 

Alle Daten konnen wie folet korreliert werden : 


13 
Me 
Fiir grosse Blasen, die sich nieht wie kleine starre Kugeln verhalten : 
13a 
\; 4 
ky 0.42 | (2) 


Wenn dic Partikel der verteilten Phase sich nicht frei unter dem Einfluss der Schwerkraft bewegen 

und der Stofftransport von der Turbulenz des umgebenden Fluidums abhiangt, gilt : 
> ! 

ky (Np, ” Os (33) 
P 

wobei Pv der Kraftverbrauch pro Volumeneinheit ist. Diese Korrelation kann angewandt werden 
auf den Wirme- und Stofftransport in Rihrkesseln, in denen die feste Phase in Form eines einzelnen 
festen Koérpers vorliegt, und fir die Voraussage des leichten Ansteigens der Stofftransportkoe- 
flizienten beim Ansteigen des Kraftverbrauchs bis unterhalb des Wertes, der bendtigt wird, um dic 
Feststoffteilchen in volliger Suspension zu halten. Die Korrelation kann auch beim Wiarme- und 


Stofftransport turbulenter Medien in Sechiittschiehten und Rohren, 


INTRODUCTION TO Previous Work and also a light-reflection technique for dense 
Tue present work was undertaken in order to dispersions of optically transparent phases [2]. 
evaluate separately the mass transfer coeflicients In addition, a y-ray transmission method was 
and interfacial areas in gas liquid dispersions described for measuring the gas hold-up in these 
such as obtain in fermentation vessels and systems [2], from which the Sauter mean bubble 
distillation plate columns. Hitherto it has not size could be deduced. The latter value was 
been possible to arrive at these values because of checked in many cases by a statistical analysis 
a lack of means of measuring interfacial areas. of high-speed flash photographs. Details of the 
The present authors have described a light photographic techniques and statistical analysis 
transmission method for measuring interfacial will be described in a subsequent publication, 
areas in not too optically dense dispersions [1] Experiments were performed in which sparingly 
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soluble volatile or gaseous solutes were desorbed 
from or dissolved in liquid solvents, the gaseous 
phase being dispersed in the liquid as a bubble 
cloud. The rate of material transfer and the inter- 
facial are: observed, the 
experimental equipment being such as to ensure 
that the liquid phase was perfectly mixed. In 
this way values of the liquid phase mass transfer 


were simultaneously 


coellicients were determined in aerated mixing 
vessels and sintered and sieve plate columns, as 
has been previously described [2, 3). 

This work covered a wide range of bubble sizes 
and liquid phase diffusion coetlicients, extreme 
variations in the latter being achieved by the use 
of aqueous glycol and glycerol solutions, and 
smaller variations by the use of various solutes. 
Diffusion coeflicients of carbon dioxide in aqueous 
glycol and glycerol were measured by the liquid 
jet technique [3], and these results have now been 
contirmed using the Stokes diffusion cell. 

The above work showed that the value of the 
liquid phase diffusion coeflicient was the major 
value of the mass 


factor which influenced the 


transfer coetlicient. 
liquid phase viscosity was not, however, revealed, 
It was clear that agitation intensity. bubble size 
and bubble free rising velocity had no effeet on 
transfer that 
2-5mm diameter) gave greater mass 


the mass coetlicient, but large 
bubbles ( 
transfer coetlicients than small bubbles (< 2-5mm 
diameter) whose mass transfer coetlicients corre- 
lated well with those observed for solid liquid 
dispersions. It was concluded that small * rigid- 
sphere ” bubbles experienced friction drag causing 
hindered flow in the boundary layer sense, and 
that under these circumstances the mass transfer 
coellicient was proportional to the 2 3 power of 
the diffusion coeflicient, as found by Frorss.inc 
| 4) and others. 

For large bubbles ( 
drag predominated and the conditions of un- 
hindered flow envisaged by Hiei [5] obtained, 
and as postulated by Hicrie the mass transfer 


coeflicient was proportional to the } power of the 


2-5mm diameter) form 


diffusion coeflicient. 

It is important that the 
Froesstinc and Hicsie equations have never 
hitherto been tested with systems of gas bubbles 


to appreciate 


The independent effect of 


41 


for extreme variations of diffusion coeflicients and 
liquid viscosities. Although the authors’ results 
supported these equations as regards the effect 
of the diffusion coefficient on the mass transfer 
coellicient, they also showed that the effects of 
bubble size and slip velocity were such as to be 
mutually compensating, so that these variables 


were replaceable by physical property parameters 


Present Work 
In the present work the previous mass transfer 


data for bubble extended, 
firstly by the use of an aqueous thickening agent 


swarms have been 


(Polyaery lamide) which enabled the viscosity to 
be independently and largely increased without 
affecting the diffusion coeflicient. Solutions having 
viscosities up to 87 cP were used and found to 
be Newtonian in rheological behaviour, and to 
have the same diffusion coetlicient for carbon 
dioxide as pure water (determined with the Stokes 
diffusion cell). 

The data have also been extended to include 
the high diffusion 
hydrogen as solute. This has been achieved by 


coetlicients obtained using 
measuring the rates of catalytic hydrogenation 
reactions in various solvents containing an excess 
of catalyst and through which hydrogen bubble 
swarms were passed, The excess of catalyst 
ensured that the chemical reaction rate was fast 
and not rate determining, and the progress of the 
reaction was determined by the rate of solution 
of hydrogen, and followed by the infra-red absorp- 
tion characteristics of the product of reaction. 

Finally, published data on continuous phase 
heat and mass transfer to dispersions of solids 
and to single bubbles and drops have been 
combined with the present work to achieve a 


more comprehensive and convincing correlation, 


RESULTS 


Fig. 1 shows two correlations for liquid phase 
mass transfer bubble 
passing through liquids in sieve and sintered plate 


coellicients for swarms 
columns and in aerated mixing vessels. The upper 
correlation line refers to bubble swarms of average 
bubble diameter greater than about 2} mm such 
as are produced when pure liquids are aerated in 
December, 1961 
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mixing vessels and sieve plate columns, and leads 
to the result: 


Ng, = 0-42 Ng)? (2) 
A g 13 
or ky (Ng.)! 2 0-42 | P (2) 
The lower correlation line refers to bubble 


swarms of average bubble diameter less than about 


2imm such as are produced when aqueous 


solutions of hydrophylic solutes are aerated in 
mixing vessels, or when liquids generally are 
aerated with sintered plates or plates containing 
very small perforations, This leads to the result 


h. 
ky 


P Pe 


(Np,)?* = 0-31 (AP nes) (1) 


It will be seen that both correlations show that 
the liquid phase mass transfer coetlicients are 
independent of bubble size and slip velocity and 
depend only on the physical properties of the 
the 


coctlicients are independent of the power dissi- 


system. In mixing vessels mass transfer 


pated by the agitator, and in sieve-plate columns 
they are independent of the fluid flow rates. 


° 
fa iQ? 
4 
~ 
N. or Ne, 

Fig. 1. 


(lower line) and large bubbles (upper line). 


* Small” bubble correlation 


The data for ** small’ bubbles are in agreement 
with those reported by previous workers for both 
heat and mass transfer with solid in liquid and 
liquid in liquid dispersions as shown in Fig. 1, 

Fig 2 also shows that the present data are in 
agreement with those on heat and mass transfer 
in free turbulent) convection from stationary 
spheres, if the term Ap is taken as the difference 
in density between the fluid at the interface, and 
the bulk in free convection as compared with the 
difference in density between the dispersed and 
continuous phases which is employed when the 
former is free to move under gravity. This result 
is oby ously due to the fact that in both cases the 
relative rate of flow between the phases is induced, 
and its magnitude determined, by the appropriate 
value of the density difference. 

Fig. 2 demonstrates the fact that as the density 
difference between the phases diminishes, the 


Nusselt 


appropriate to natural convection. 


Sherwood and numbers approach the 
value of 2 
Allowing for this, correlation (1) in more precise 


form becomes 


nterface 


‘mdered 


Correlation of heat and mass transfer coefficients for dispersions of small bubbles and rigid spheres 
See Source of data” and “Range of variables 
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Nisa, 0-31 Ny,'? 


Ny, = 20 


It may be shown that this relationship is form- 
ally identical to Frorsstinc’s equation if the 
drag coefficient for spheres is inversely propor- 
tional to the square root of the Reynolds number. 

Figs. 1 
correlation for heat and mass transfer in turbulent 


and 2 show that a comprehensive 
free convection and for suspended or free falling 
or rising particles, bubbles and drops is obtained. 
This correlation holds equally for dispersions and 
for single particles and shows that “small” 
bubbles move in liquids as rigid spheres under 
conditions of hindered flow in the boundary layer 
sense. 

It may be noted that the particle size and 
velocity are not involved in the correlation, so that 
heat and mass transfer coellicients in the contin- 
uous phase may be predicted from physical 
properties only. 

The correlation is seen to hold accurately for 
independent and extreme changes in the variables, 
and has been tested for heat and mass-transfer 
in turbulent free convection, for mass transfer in 
mixing vessels where suspended solids and gas 
bubbles are undergoing dissolution. for mass 
transfer in liquid fluidised beds of crystallizing 
solids, for heat transfer when liquid drops fall 
through other liquids, and for several other similar 
processes. 

The correlation (1) applies to those systems 


where the particles of the dispersed phase behave 


as rigid bodies, and where relative movement 
between the phases is retarded as in boundary 
laver theory. In the absence of adequate experi- 
mental proof Froess_inc’s equation has previously 
been emploved in this connexion. 

Figs. 1 and 2 show the extent to which a wide 
variety of previously published data agree with 
the present observations and the range of variables 
which the correlation includes. In addition it 
may be noted that Zpanovski [6] has proposed 
a correlation for the dissolution of solid suspen- 
sions in mixing vessels which is of the same form 
as correlation (1), while Scumipr [7] has proposed 
a similar equation for turbulent free convective 


heat transfer. 


Large bubble correlation 


To produce * large “ bubble clouds in aqueous 
glycerol solutions and thereby effect major changes 
in the diffusion coetlicients of solutes undergoing 
mass transfer it was necessary to employ the 
pulsed sieve-plate column described in a previous 
publication [3]. Without the use of a positive 
means of producing large bubbles it is extremely 
difficult to bubbles 
aqueous solutions of hydrophilic solvents and 


prevent small forming in 


impossible to do so in aerated mixing vessels. 


The independent effect of liquid viscosity was 
evaluated using polyacrylamide as a thickening 
that the 


solutions employed were Newtonian in rheological 


agent for water; it was established 


log 


2. Correlation of heat and mass transfer coefficients for dispersions of small bubbles and for 


rigid spheres with natural convection. 
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behaviour and were without influence on the 
diffusion coeflicient of the solute being transferred. 

Mass transfer coeflicients for bubbles greater in 
diameter than about 2}.mm are notably larger 
bubbles. The 
mass transfer coetflicient is proportional to the 


than for small rigid-sphere 


square root of the liquid phase diffusivity, imply- 
ing that the Hicaie model [5] of unsteady state 
transfer applies, and that the unhindered flow 
situation envisaged in this model is responsible 
for the high transfer coetlicients obtained. In this 
region of bubble size the bubbles are deformed 
from spherical to elipsoidal shapes. 
Transition region between small” and large” 
bubbles 

Fig. 3 shows some of the mass transfer data 
for bubbles of a size intermediate between those 
previously classified as “large” and * small,” 
exhibiting unhindered and hindered flow respec- 
tively. Similar results have been observed by 
GARNER [23] for gas bubbles, and by Grirrirn 
[24] for liquid drops. 

It has also been observed by the above workers 


that surface active agents and trace impurities 
inhibit the transition from the hindered to the 
unhindered flow condition. The present observa- 
tions have not included the effect of surface 
active agents. 

In aerated mixing vessels as the agitator 
power ts increased the gas liquid interfacial area 
increases and the bubble size diminishes. while 
the mass transfer coeflicient remains constant 
until a critical point is reached, at which the 
transfer coeflicient begins to fall rapidly as the 
bubbles pass through the transition size region. 
Ultimately the transfer coeflicient again becomes 
constant while the interfacial area continues to 
increase with increasing power dissipation. The 
same behaviour is observed with sieve-plate 
columns as the gass-flow rate is increased. 

Fig. 4 shows the results of many new observa- 
tions carried out on sieve trays operating as 
previously described [2] under simulated distilla- 
tion conditions, and for all of which the data have 
been found to lie in the transition region. Fig. 5 
shows that in this region mean values of k,a 
are alrnost independent of all variables, except 


0-10 
f Absorption of CO, at 25°C in:- 
A 
“oter ontaining 
3 69 % by wt. giycer 
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Fic. 3. Typical data for transition from “ large “ bubble mass transfer coeflicients to * smail ** bubble values. 
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the Schmidt It that 


distillation conditions producing a large vapour 


group. was found under 
hold-up in the foam the transition from = un- 
hindered to hindered flow occurred with bubbles 
of than 


where the gas hold-up was comparatively low. 


greater size in aerated mixing vessels, 

It is evident that further work remains to be 
done in order to throw light on this interesting 
region of bubble behaviour, but some relevant 
observations are worth making at this stage. 

(a) The high mass transfer coeflicients observed 
with large bubbles are only obtained in shallow 
liquid pools. With deep pools a_ progressive 
decrease in the point values of the mass transfer 
coeflicient with height or residence time is ob- 
served and these values finally decline to those 
obtained with small rigid-sphere bubbles. These 
Bairp [22], 
Grirrirus [24] and DowntneG [25] and the present 


authors. 


observations have been made by 


(b) Surface active agents cause the high mass 
transfer coeflicients for large bubbles to be reduced 
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“ Transition region mass transfer coefficients observed with froths in sieve-plate columns. 


to those obtained with rigid spheres [22, 24, 25). 

(ec) As reported by CaALDERBANK [2] high rates 
of gas flow in sieve-plate columns cause large 
gas bubbles to rise at rates considerably in excess 
of their free rising velocities when their mass 
transfer coetlicients approach the  rigid-sphere 
values. 

The unhindered flow situation appears to be 
most readily realised with large bubbles at low rates 
of liquid flow around them (free rise in viscous 
liquids or flow round trapped bubbles as studied 
by Hic [5}). The higher the Reynolds number 
of the bubble the more rapidly does the mass 
transfer coeflicient decrease with residence time. 

These phenomena are probably associated with 
the properties of the wake behind the bubble as 
discussed by Garner and Tayresan [26] who 
observed a similar behaviour in liquid drops. 

As shown in Fig. 1, the mass transfer coeflicients 
for large and small bubbles approach each other 
at low values of the Schmidt group. This fact 
agrees with the of Toor 


conclusions and 
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Marscue..o [27] who predict that the boundary 


layer and penetration mechanisms of mass 
transfer lead to identical results at low values of 
the Schmidt group. 

An important practical conclusion from these 
observations is that the high mass transfer co- 
eflicients for large bubbles in unhindered flow can 
only be realized in special circumstances and that 
in industrial situations of high gas flow rates 
surface active impurities and deep liquid pools 
the mass transfer coeflicients will approach the 
lower values obtaining for rigid spheres. 


Disrersep PHAsk UNDER THE INFLUENCE 
of TURBULENCE 
The subject matter dealt with in previous parts 
of this paper refers to dispersions in which the 
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Average k,a values observed with froths in sieve plate-columns. 


density difference between phases is sulliciently 
large to cause the force of gravity to determine 
Such 
dispersions include those in which solid particles 


exclusively the rate of mass transfer. 
are just completely suspended in mixing vessels. 
It is known that an increase in agitation intensity 
above the level needed for complete suspension 
of particles results in a small increase in the 
mass transfer rate [13, 16}. 

When the particles in a mixing vessel are just 
completely suspended, turbulence forces just 
balance those due to gravity and the mass transfer 
rates are the same as for particles moving freely 
under gravity. At higher agitation levels turbu- 
lence forces are greater than those due to gravity 
and can no longer be equated with them so that 
a separate treatment, described hereunder, has 
to be applied. This approach which treats tur- 
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bulent forces those which determine mass 


transfer rates has also been applied to fixed bodies 


as 


submerged in mixing vessels, 

In the case of gas liquid dispersions it Is im- 
to 
mechanically induced turbulence since agitators 


practical exceed gravitational forces by 


operate poorly in gas liqnuicl dispersions. 


Local isotropic turbulence 


Turbulent flow produces primary eddies which 
have a wave length or scale of similar magnitude 
to the dimensions of the main flow stream. 

These large primary eddies are unstable and 
all their 


energy is dissipated by viscous flow. When the 


disintegrate into smaller eddies until 
Reynolds number of the main flow ts high, most 
of the kinetic energy is contained in the large 
eddies, but nearly all of the dissipation occurs in 
the If the seale of the main flow 


is large compared with that of the energy dissipat- 


smallest eddies. 


ing eddies, a wide spectrum of intermediate eddies 
exist which contain and dissipate little of the total 
energy. In the process the directional nature of 
the primary eddies is gradually lost. 

Ko_mocororr [28] concludes that all eddies 
which are much smaller than the primary eddies 
are statistically independent of them, and that 
the properties of these small eddies are determined 
solely by the local energy dissipation rate per 
unit mass of fluid. Thus, if a volume of fluid is 
considered whose dimensions are small compared 
with the scale of the main flow the fluctuating 
components of the velocity are equal, and this 
so-called local isotropic turbulence exists even 
though the turbulent motion of the larger eddies 
may be far from isotropic. In local isotropic 
turbulence the smallest eddies are responsible for 
most of the energy dissipation. 

The seale of these smallest eddies is given by 
KOLMOGOROFF as 


3 -1/4 


1/2 -| 


Pe v 

Moreover, the mean square fluctuating velocity 
over a distance d in a turbulent fluid field where 
L d 1 (L being the scale of the primary 
eddies and | that of the smallest eddies) is given 


by [29] as 


Pe 


The condition for local isotropy where the above 
equation applies is frequently encountered. For 
example, in a fluid mixing vessel, operating at 
an energy input of 10 h.p. 1000 gall. of water, / 
is 254. If the agitator has blades 5 em wide the 
scale of the main fluid flow from it is approx- 


Thus, L 1 


enough to allow local isotropy to be assumed. 


imately 5 em. 2000 which is large 


Turbulence in the immediate vicinity of a 
particle of a dispersion affects heat and mass 
transfer rates between the particle and the fluid, 
and if the particle is itself fluid may lead to its 
break-up. 

The theory of local isotropy gives information 
on the turbulent intensity in the small volume 
around the particle. Thus, 4/[tq)*] is a statistical 
parameter describing the variation in the fluctuat- 
ing velocity over a distance comparable to the 
particle diameter (d) and may be used in place 
of the velocity of the particle in correlations of 
heat and mass transfer rates. 

Thus, the Reynolds number for local isotropy 


is given by 


He 
or, alternatively 
13 > 23 
Nix (3) 


as expressed by CALDERBANK in a previous pub- 
lication [2]. 

The turbulence Reynolds number above was 
apparently first employed for the correlation of 
mass transfer rates in turbulent fluids by Oyama 
[15] Kotar [30] 
CALDERBANK [2]. 

If we now assume the usual functional relation- 
ship between the Sherwood, Schmidt and Reynolds 


and 


and subsequently by 


numbers for mass transfer we arrive at the relation 


Experiments on mass transfer in mixing vessels 
[12, 16, 31) have led to the conclusion that 


1/2 
Me 


Ke 


ky d 
— 
Pe D, 


dD, 
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k, «x D,?*, the analogous expression for heat transfer being : 
and k, does not depend on d. h (Pv) aytie 
In order to satisfy these conditions it is neces- P Pe (Cp He/ A) 
sary that a | and y — 3, whence Following equation (3) heat and mass transfer 
kpd 3(P data observed by many workers in mixing vessels 
D x We | D are plotted in Fig. 6. In order to present published 
L Me Pe OL data in these forms it was sometimes necessary 
(Pe she to reconstruct the agitation equipment and t 
on ky v) pe | Pp, (Ba) econst e ag on eq pmen ind 
measure its speed-power characteristics with a 
[ 
| 
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Fic. 6. Continuous phase heat and mass transfer coeflicients in mising vessels. 
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dynamometer, as only infrequently has_ this 


information been reported. 
Fig. 


considerable 


6 reveals a correlation which despite a 


scatter in the data extends for a 


107-fold change in the variables and therefore 
merits serious consideration. It may be argued 


that some of the scatter of the experimental data 
is due to uncertainties in the values of the inter- 
facial areas for suspended particles as obtained 


by sereen analysis. 


The equation of the regression line drawn 
through the data gives 
h — (Pv) 
ky = = 0-18 (4) 
P Pe Pe 


with a standard deviation of 66 per cent. 

It should be noted that equation (4) does not 
invalidate the use of the impeller Reynolds 
number for correlating heat and mass transfer 
rates in mixing vessels. For fully developed tur- 
P N3, 


give a 


bulence, where equation (4) may be 


transformed to conventional Reynolds 


number correlation. However, such a correlation 
may only be employed with geometrically similar 
agitation (4) Is 
independent of the geometry of the agitation 


equipment whereas equation 
equipment, 

It appears probable, however, that the type of 
agitator used may have a minor influence on the 
mass transfer coeflicients which is not revealed in 
equation (4). Thus, when the agitator power is 
increased until the particles just become com- 
pletely suspended, the mass transfer coeflicient 
is given by equation (1). As the power is further 
increased. equation (4) is followed, but with the 


practical limitations of allowable power dissipa- 


tion, the increase in mass transfer coetlicient may 
not be easily observed. However, it is almost 
certain that agitators producing high ratios of 


flow to shear for a given power are most effective 
for suspending particles, so that particles sus- 
pended with these agitators come under the in- 
fluence of power at a lower value of power dissipa- 
tion than with agitators producing high shear and 
low flow rates. 

This question is complicated by the fact that 
small particles are most easily suspended, and if 
their size is of the order of the scale of the smallest 


eddies the mass transfer coeflicients will remain 
independent of power dissipation until the latter 
that 
This behaviour has been 


As a result of these 


is raised considerably above needed for 
complete suspension. 
observed by Pine et al. [12]. 
considerations some scatter of the results shown 
in Fig. 6 is to be expected due to variations in 
agitator characteristics in the several experiments 
reported. 

It should be made clear that the range of vari- 
ables in Fig. 6 is largely made up of variations 
in the Schmidt group and that variations in the 
power dissipation factor for a given system are 
so that the 


the two-thirds exponent of 


comparatively small, figure confirms 
the Schmidt group 
but does not provide precise evidence for the form 


of the power factor used, 


Mass 


It is perhaps surprising to find that equation 


TRANSFER IN PACKED BEDS 

(4) also holds for mass transfer from packed beds 

to thuids flowing through them in turbulent flow. 
This 


transfer correlation for packed beds recently 


conclusion is reached from the mass 
proposed by Fau.ar [37] at a result of some 
careful determinations. 

We may 


unit volume of fluid in a packed bed as the flow 


compute the power dissipated per 


work. 


P Ap G 


> Lps (5) 


The pressure drop in packed beds has been cor- 
related by Cut [38] as 


5-4 2) 


dG dp, 2 


whence, from equation (5) 


P 
35-4 
v a4 


( 1 (;2-56 


| 


Inserting this equation for P v into equation 
(4) and using 0-13 as the value of the dimensionless 


constant we find 


0-13 


0-318 
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Since the work of Fat.ar [87] covered a range 
of values of 2 of 0-40 to 0-42, taking 2 = 0-41, 
we find 

Ng, = 0-69 Ng. 


or Ja 0-69 Nee 1/3 (7) 


This result may be compared with that given 
by Fauiar [87] as 
ja — 0-626 


which, for the range of experimental data reported 
by him can be almost as well represented by 


Ja 0-67 Na 1/3 (8) 


The agreement between equations (7) and (8) 
is substantially complete. 


Heat and mass transfer in pipe flow 


For turbulent flow in pipes the  Blasius 
equation 


Ap dy Pe 0-0396 (Ny) 24 

L@ 

may be used to predict the pressure drop and hence 

the power dissipation per unit volume of fluid. 

If this result is then combined with equation (4) 

in the same fashion as in the previous Section 
we find 

Jan = 9-058 Na (9) 


which may be compared with the correlation of 


and [39] which gives 
0-023 Nae 0:20 


This equation agrees with equation (9) at a 
10,000 and results in a maximum 
deviation from it of only 4+ 12 per cent over the 


value of Nx, 


Reynolds number range 2000-20,000, which is 
the range over which most experimental data have 
been reported. The significance of the present 
findings is the realization that power dissipation 
per unit volume of fluid is the factor which allows 
a comprehensive correlation of heat and mass 
transfer coeflicients for turbulent fluids to include 
fluids where the turbulence is induced by mech- 
anical agitation. 

It should be noted that equation (4) was derived 
by combining the theory of local isotropic 


turbulence with a conventional mass transfer 
correlation and by using some experimental 
findings with mixing vessels to evaluate the con- 
stants in this correlation. The result has been 
found to apply reasonably well to turbulent flow 
in packed beds and pipes where the theory of 
local isotropic turbulence could not be supposed 
to apply. 

It would appear that a more general law oper- 
ates to interrelate energy dissipation and the 


specitic rates of turbulent transport phenomena. 


POWER REQUIRED TO SUSPEND SOLIDS IN 
MIXING VESSELS 


As previously discussed the rate of solution of 
particles just completely suspended in a mixing 
vessel is dependent on factors which do not include 
the agitator power, although as the power 
dissipation is further increased a comparatively 
small increase in solution rate may be realized, 

At the point of compete suspension of solids 
the mass transfer coeflicient is given by either 
correlations (1) or (4), so that on equating these 
relationships so as to eliminate the mass transfer 
coetlicient, we arrive at an expression for the 
power required to just suspend the particles, which 
takes the form 

const. 


v pe 3 


(10) 


This result may be compared with that proposed 
by Kxnrure [13] who finds 


P (g ype 
const. 
v p pi? 
and with that proposed by Zwrererine [40] who 
pe 35 


while Oyama and Enpou [41] report 


P g 
const. 
9 pt? 

The most obvious discrepancy between the 
present result and the formulae previously pro- 
posed is that equation (10) does not contain the 
particle size as a variable, and it would seem 
reasonable to suppose that it ought. 
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However, if the square root of the particle 
diameter is included in equation (10) as suggested 
by the experimental correlations above, this might 
imply that correlation (4) should include a factor 
of d'*. It is unlikely, with the present precision 
of experimental mass transfer data obtainable 
with solid dispersions, that this factor could be 
identified with certainty. 

The same argument suggests that it is only 
slightly more likely that an effect of solids hold-up 
on the mass transfer coetlicient could be easily 
identified, although in this connexion both Pirey 
et al. [12] and Witte. ef al. [42] report a small 
influence. 


CONCLUSIONS OF PRACTICAL INTEREST FROM 


THE FOREGOING 

One clear conclusion is that when a dispersed 
phase is suspended, or in free rise or fall and under 
the influence of gravity, the heat and mass 
transfer coeflicients are almost completely un- 
affected by mechanical power dissipated in the 
system. Thus, for example, in dissolving solid 
particles in liquids, little advantage can be gained 
by increasing the agitation intensity above the 
point at which the particles are freely suspended, 
Clearly, mixing impellers should be designed to 
secure suspension of particles with a minimum 
power consumption which should not greatly 
exceed this level. 

For gas liquid dispersion power dissipation 
increases the gas-liquid interfacial area and in- 
this 


the 


mass transfer rate for reason 
little effect 


transfer coeflicient can be realized. 


creases the 
although, as before, on mass 

Correlation (1) shows the important influence 
of the difference in density between the suspended 
dispersed and the continuous phases on the trans- 
fer This that this 
difference in density is small transfer rates are 


coetlicients. means where 
extremely low. This situation is most likely to 
be realized in some liquid-liquid extraction pro- 
cesses and can be countered by increasing the 

field 
The problem is also met with in 


gravitational strength as in centrifugal 
extractors. 
dissolving polymers in solvents, where the density 
difference between polymer solution and_ solid 


polymer can be quite small, and the rate of solu- 


tion is further impeded by the high viscosity of 
the solution as would be expected from correlation 
(1). 

An important further example is found in 
aerobic fermentation processes, where the over-all 
rate process can be determined by the rate of 
supply of oxygen to the growing organism, whose 
density may not differ greatly from that of the 
surrounding nutrient fluid. Thus, although the 
rate of supply of oxygen from aerating gas bubbles 
to liquid may be increased by agitation (by in- 
creasing the gas liquid interfacial area), the rate 
of assimilation of dissolved oxygen by the organ- 
ism is unaffected by agitation, and is seriously 
restricted by the small solid liquid density differ- 
ence, and frequently also by the high viscosity 
of the liquid medium. In this case the very high 
interfacial area between the organisms and the 
oxygenated fluid surrounding them assists the 
rate of oxygen consumption. It may be found, 
however, that the product of the high organism 
liquid interfacial area and low mass transfer 
coeflicient may be less than the product of the 
comparatively low gas liquid interfacial area and 
high mass transfer coetlicient, in which case the 
rate of oxygen supply is no longer under the 
control of the plant operator or designer, but is 
determined by the physical properties of the 
system. 

When diffusion-controlled crystallization pro- 
cesses are carried out in suspended beds of crystals 
the maximum rate of crystallization is achieved, 
and where the density difference between ery stal 
and liquor is small, as in some organic preparations, 
rather low rates will have to be tolerated because 
the 
affected by agitation. 


mass transfer coellicients are almost un- 


Note added in proof: Wt may be shown that 
correlation (1) can be derived from the Froessling 
equation when this is combined with the equation 
proposed by Auten [49] for the free rising or 
falling velocities of small particles. 


Pe 
A constant of 0-28 instead of 0.31, as proposed, 


Le, j 


is thereby obtained. 
Again correlation (1) may also be derived by 
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The continuous phase heat and mass-transfer properties of dispersions 


combining with Stokes’ Law the equation for 
mass transfer from spheres moving in the Stokes’ 
region, as deduced theoretically by FriepLaANDEeR 
[50], = 0-89 D,)'*) when a constant of 
0-34 is obtained. 

Recent 
correlation (2) represents the data of 


revealed that 
Bairnp 


correspondence — has 


[22] obtained with spherical cap bubbles of 
equivalent diameters up to 5em as well as the 
theoretical equation proposed by this worker. 


ie. K, = 0-975 (=) 
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NOTATIONS 


c Specific heat at constant pressure of contin- 
uous phase fluid 
d = particle diameter of dispersed phase 
d, ~ pipe diameter 
D,, diffusion coefficient in continuous phase 
G = mass superficial fluid flow rate 
g = acceleration due to gravity 
heat transfer coeflicient in continuous phase 
iT — mass fraction of solids in dispersion 
Ja, — Mass or heat transfer factor dimensionless 


N Pr 


Nor 
(Pv) 
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Abstract — An investigation of “ interfacial resistances " has shown that the liquid liquid mass 
transfer rate in a stirred cell is reduced in the presence of both soluble and insoluble surface-active 
agents. For 200 r.p.m. stirring in each liquid phase the over-all cocflicient, calculated on the basis 
of the water film, for the transfer of isopropyl alcohol from water to benzene was decreased from 


VOL, 6 x 10-4 to 1-3 © 10-4 em /see by the presence of a plasma albumin protein film of surface con- 
16 centration 1:3mg/m2. This was the maximum reduction obtainable for all protein film con- 
1962 centrations and signifies the presence of an interfacial film strong enough to prevent “ surface 
renewal.’ A “ surface clearing model” is used to explain the effect of film strength (as measured 


by the surface modulus of compressibility) on surface renewal, and therefore on the mass transfer 
ra 

Both film strength and rate of transfer were dependent on the type of aqueous substrate 
on which the protein film was spread. Substrates used with the benzene -water isopropyl alcohol 
system were redistilled water, tap water, 0-01 N sodium hydroxide and 0-01 N hydrochloric 
acid. Similar results were obtained with the ethyl acetate-water system for the effect of plasma 
albumin films on the rate of solution of ethyl acetate in the water, using both redistilled water 
and tap water as substrates. For both of these systems measurements of the interfacial viscosity 
of the surface film indicated that this property had no direct effect on the transfer process. 


The effect of surface-active films on mass transfer rates has been further studied through 
a smaller number of experiments, including the spreading of an acid resistant protein (porcine 
mucosa pepsin) for acetic acid transferring from water to benzene, and also the spreading of 
films of cetyltrimethylammonium bromide and of octadecyltrimethylammonium chloride for 


the benzene water isopropyl alcohol system. 


Résumé— Une étude de “ résistances interfaciales a montré que la vitesse de transfert de 
masse liquide-liquide dans une cuve agitée est diminuée en présence de deux agents de surface 
solubles et insolubles. Pour une agitation de 200 r.p.m. dans chaque phase liquide, le coeflicient 
global, caleulé avee les bases du coeflicient de leau, pour le transfert de leau vers le benzéne 
dalcool isopropylique diminait de 6 10-4 a 1,3 10-4 em see en présence d'un film de pro- 
téines (albumine plasmatique) dune concentration superticielle de 1,3 mg m*. C'est la diminution 
maximum que lon peut obtenir pour toutes les concentrations en protéines du film et ceci indique 
la présence d'un film interfacial suflisamment puissant pour éviter un renouvellement de la 
surface. Un “ modéle de la surface nette ” est utilisé pour expliquer leffet de la concentration 
du film (mesurée par le module de compressibilité de la surface) sur le renouvellement de la 
surface et par conséquent sur la vitesse de transfert massique. 

Concentration de film et vitesse de transfert dépendant toutes deux du substrat aqueux 
dans lequel le film de protéines diffuse. Les substrats utilisés avec le systéme benzene — eau — alcool 
isopropylique était Peau redistillée, Peau du robinet la soude 0,01 N et lacide chlorhydrique 
0,01. Des résultats similaires ont été obtenus avec le systéme acétate d’éthyle — eau pour leffet 
des films dalbumine plasmatique sur la vitesse, de la solution dacétate d’éthyle en utilisant 
leau redistillée et Peau du robinet comme substrats. 


Pour ces systémes, les mesures de la viscosité interfaciale de la surface du film montrent 


qu'elle n’a pas d'influence sur le transfert. 
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L effet de films a surface active sur la vitesse de transfert de masse a été étudice ultéricurement 


par les expériences suivantes : 1) Diffusion dune proteéine resistant aux acides, (pepsine cde 


muqueuse porcine) pour le transfert dacide acétique de Peau dans le benzéne, 


(Il) 


triméthviammonium pour le 


Diffusion de films de bromure de cetyl — méthyl-ammonium et de chlorure doctadecyl 


svsteme benzene cau alcool ISOpropy 


Zusammenfassung Kine Untersuchung der Zwischenflichenwiderstinde zeigte, dass 
die Stofftransportgeschwindigkeit bei Flissig-Flissig-Systemen in einem Ruhrgefiiss in Gegenwart 
von sowohl léslichen als auch unlOslichen obertlichenaktiven Substanzen herabgesetzt wird. 


Bei einer Riihrgeschwindigkeit von 200 Upm vermindert sich der Gesamtkoeflizient (bezogen 


\nwesenheit cines Bluteiweisstilmes mit der Oberthichenkonzen- 


auf den Wasserfilm) fiir den Transport von Isopropylalkohol aus Wasser in Benzol von 6 
auf 1,3 
tration 1,3 mg 


10-4 em see durch dic 


Dies war dic maximal erreichbare Erniedrigung bei allen Proteintilmkonzen- 


trationen und bedeutet dic Anwesenheit cines Zwischentlichenfilms, welcher stark genug ist, 


um eine Oberftlichenerneucrung zu verhindern. Ein surface clearing model wird benutzt, 


um den Einfluss der Filmstirke (gemessen durch den Oberfliichenmodul der Kompressibilitit) 
auf die Oberflichenerneucrung und damit auf die Stoffiibergangsgeschwindigkeit zu erkliiren. 


Sowohl die Filmstarke als auch dic Cbhergangsgeschwindigkeit waren vom Typ des wiissrigen 


Substrates abhingig, auf dem sich der Proteintilm befand. Benutzte Substrate im System Benzol- 
Wasser-Isopropylalkohol waren redestilliertes Wasser, Leitungswasser, 0,0IN NaOH und0,01 NHC1. 
Achnliche Ergebnisse wurden mit dem System Aethylacetat-Wasser erhalten in bezug auf den 


Einfluss der Eiweisstilme auf die Losungsgeschwindigkeit des Aethvlacetats im Wasser, wobei 


redestilliertes Wasser und Leitungswasser als Substrate benutzt wurden. Fiir beide Systeme 
haben Messungen der Zwischentlichenviskositit des Filmes gezeigt, dass diese Kigenschaft keinen 
direkten Einfluss auf den Cbergangsprozess hat. Der Einfluss von obertlichenaktiven Filmen 
auf die Stofftransportgeschwindigkeit wurde weiterhin in ciner kleineren Zahl von Experimenten 
studiert, cinschliesslich der Verwendung eines siiurebestiindigen Proteins fir den Cbergang von 


Essigsiiture aus Wasser in Benzol, und ebenso der Verwendung eines Filmes aus Cetyltrimethylam- 


moniumbromid und von 


Isopropylalkohol. 


INTRODUCTION 


IN RECENT years considerable attention has been 


given to the phenomenon of “ interfacial resis- 


tance both in liquid liquid extraction and im 
gas absorption. In his two-film theory Wiurrman 


[1] assumes continued equilibrium across the 


interface between the two phases, but one of 


the explanations of Kennepy [2] for an apparent 
interfacial resistance during the absorption of 
carbon dioxide was a suggested departure from 
interfacial equilibrium. However, et al. 
observed low rates of absorption of sulphur 
dioxide into stagnant films on short wetted-wall 
columns, and in the presence of Teepol the 


height of the stagnant zone depended inversely 


im System Benzol-Wasser- 


estimated mean shear stress between the jet and 
the film. 


The above observations suggest that “ inter- 


facial resistance may be due to the mechanical 
effects 


with fluid motion, rather than to any lack of 


of interfacial films through interference 


interfacial equilibrium, particularly so since 


Kexnepy [2] also reported the presence of a 
7) 


have studied diffusion in unstirred cells, and there 


stagnant layer. Moreover, several workers [5, 6, 


appears to be no evidence for a large interfacial 
resistance in this type of system, provided that 
chemical reaction and the damping of spontaneous 


interfacial turbulence are excluded. This absence 


of a measurable resistance in static liquid-liquid 


on the concentration of surface-active agent. systems again suggests that interfacial films cause 
Cutten and Davipson [4] reported similar an apparent resistance to mass transfer due to a 
effects for absorption into jets. In this case some hydrodynamical effect, but not due to any 
correlation was obtained between the surface blocking of the interface by the large surface- 


tension difference across the jet and the product 
of the height of the stagnant layer and the 


active agent molecules, nor to any lack of inter- 
facial equilibrium. 
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hig. 1. Photograph of the mass transfer cell showing the stirrer assembly 
and the sharpened interface between benzene and water, 


y | Be 
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The effect of interfacial films on mass transfer rates in liquid-liquid extraction 


Experiments reported by Lewis [8] on the rates 
of mass transfer in the mutual saturation of two 
liquid phases in a stirred cell, showed that rigid 
films of protein at the liquid-liquid interface 
reduced the transfer rate by interfering with the 
transfer of turbulence from one phase to the 
other. On 
octadecyltrimethylammonium chloride spread at 


the other hand “ mobile” films of 


the interface seemed to have no effect. A sugges- 
viscosity of 


the protein films probably controlled the transfer 


tion was made that the interfacial 
of turbulence between the phases. 
The detail the 


physical properties of interfacial monomolecular 


present work examines in 
layers and their effects on rates of transfer in a 
stirred cell. The development of a new type of 
surface viscometer for use at liquid-liquid inter- 
faces [9] has enabled measurements to be made 
of the interfacial viscosity of two-dimensional 
protein films as a function of surface concentration. 

A second important physical property of films is 
the surface modulus of compressibility, which is 
analogous to the surface modulus of elasticity in 
three-dimensional systems. This property meas- 
ures the strength of a film to resist compression in 
its own plane by the action of surface pressure (or 
tension) differences. The importance of surface ten- 
sion gradients and surface concentration gradients 
as controlling factors in the rate of mass transfer 
from liquid drops has been mentioned by Liwrox 
(11) 
attributed the damping of ripples by surface-active 


and [10]. Levicn has also 
films to this property, which he refers to as “a 
coetlicient of elasticity in compression of the 


film. 
rue 


A stirred cell of the type described by Lewts [8] 


Dirrusion CELL 


was employed since this was the only type of 
apparatus which would give a large degree of 
liquid movement near the interface to emphasize 
the hydrodynamical effects. It also gave a well- 


detined and reproducible mass transfer area, 


to which accurately controlled additions of 
insoluble surface-active agents could be applied, 

However, the present cell differed from the 
Lewis cell in two important aspects. Firstly, 


it was a plain vessel (one litre Pyrex-glass beaker 


of internal diameter 4-05 in.) with no upper and 
lower parts separated by gaskets which would 
introduce unwanted surface-active impurities. 
Secondly, the outer baffle was found to be un- 
necessary as it decreased the total transfer area 
(present area 67-8 cm*) and made the actual area 
uncertain due to the unknown contact angle of 
the phases at the baflle. The interface in the 
present cell could be made very flat by ensuring 
that the contact angle was approximately 90 

this was achieved by pre-coating the cell with 
(M441 


Fig. 1 gives an indica- 


traces of an organo-silicon compound 
silicone from I.C.I. Ltd.). 
tion of the sharpness of the interface obtainable 
by this 


method, (The Perspex constant-tem- 


perature jacket has been removed in_ this 
photograph). 
Fig. 1 shows the stirrer assembly, which 


consisted of two contra-rotating stirrer blades 
(each 1-25 in. long) and shafts, separated by the 
stationary interfacial baflle and its supporting 
shaft. The shafts fitted one inside the other to 
make a compact unit. The stirrers were driven 


through 38:1 reduction mitre-bevel gearing by 


2000 rev min, 24V, 0-1 h.p., d.c. shunt motors 
with rheostat controlled battery-charger  d.c. 


The speed could be 


maintained within 3 rev min of the desired value 


supply for speed control. 


by manipulation of the rheostats, and was 
continuously indicated by direct-coupled tacho- 


meters. 


MATERIALS 


Ordinary laboratory-distilled water was found 
to be unsuitable for surface film experiments 
since it contained traces of surface active impuri- 
ties (probably from plastic tubing conveying the 
water from the still) and of heavy metal ions. 
This water was therefore redistilled from weak 
alkaline solution in 
all-glass equipment and collected in a specially 
If this became 


potassium permanganate 


prepared glass receiver. con- 
taminated at any time with stray surface-active 
impurities the whole stock was discarded. 

The benzene, isopropyl alcohol and acetic acid 
were of A.R. purity. At first these were also 
redistilled, but 
necessary. The ethyl acetate used was of ordinary 


later this was found to be un- 
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commercial purity as supplied in bulk. Higher 


purity material hydrolysed to acid, which inter- 


fered with the properties of one of the types of 


protein used at the liquid-liquid interface. 

The proteins used were obtained from Armour 
and Company and were as follows: (i) crystallized 
bovine plasma albumin, batch 23351 and (i) 
crystallized pepsin, porcine mucosa, batch BL 
1390. Other spread films of surface-active agents 
used were of cetyltrimethylammonium bromide 
(CTAB) kindly supplied in a highly pure, crystal- 
line form by LC.1. Ltd... and of octadecyltri- 
methylammonium chloride (ODTAC) from the 
same sample as that used by Davirs [12] and by 
Lewis [8}. 


EXPERIMENTAI 


Most of the experimental work was concerned 


with the effects of interfacial monomolecular 
films of bovine plasma albumin on the rate of 
transfer of isopropyl alcohol from water to 


benzene. A series of experiments was performed 
using water phases of slightly different composi- 
tions (viz. redistilled water, tap water, O-O1 N 
hydrochloric acid and 0-01 N sodium hydroxide) 
as this affected both the physical properties of 
the albumin film and the rate of mass transfer. 
A very slight amount of spontaneous interfacial 
turbulence was observed in this system in the 
absence of protein films, For this reason a similar 
series of experiments was performed in the absence 
of even such a slight trace of turbulence. using 
the two-component ethyl acetate -water system, 
The rate of transfer of the ethyl acetate into the 
water was measured for plasma albumin films of 
various strengths. Both tap water and redistilled 
water were used as the aqueous phase. 

The experimental procedure will not be des- 
cribed in detail here as it is quite similar to that 
of Lewis [8]. it 
mention the spreading technique for the formation 


However, is important to 
of interfacial monomolecular layers of the plasma 
albumin protein [13]. These were spread from a 
60 to 40 isopropyl aleohol-water solution made 
05M with respect to sodium acetate and con- 
taining 1 mg of protein per mil of total solution. 
This solution was applied to the interface in 


minute amounts at numerous, widely-scattered 


points to ensure an evenly distributed film: 


the application was made from a very fine 
hypodermic needle fed from an Agla microsyringe, 
the plunger of which was actuated by a micro- 
One the 


screw corresponded to 0-0198 ml of solution or 


meter screw gauge. mm advance of 
to 19-8 wg, of protein and each application was only 
a few hundredths of a ml. 

The formation of a very condensed layer of 
protein at the interface required only 0-04 ml 
of spreading solution. This was the maximum 
amount ever used for a single interface, and most 
of the experiments were performed with less 
O-OL ml the 67-8 The 


of this amount bulk 


interface. 
the 


than 
effect 


properties of the phases was negligible. 


on 
of solution on 

In a few experiments spread films of the long- 
chain quaternary ammonium compounds CTAB 
and ODTAC were used. These were spread from 
of 
ml of isopropyl alcohol solution. 


solutions containing 0-5 mg substance per 

During an experimental run the rate of transfer 
of the diffusing component was followed at various 
time intervals by analysing refractometrically. 
Small samples of only 2 or 3 drops were withdrawn 
from the bulk phase concerned by means of a 
long hypodermic needle and a microsyringe and 
of Abbe 
0-0001 units accuracy. The 
calibration data are reported in detail elsewhere 


(14). 


analysed immediately by means an 


refractometer of 


Mass Transren Resuurs 


The individual and over-all film coeflicients 
have been defined in the usual way and calculated 
from the experimental data after the methods 
Lewis [8]. For the 
water-isopropyl alcohol system the initial con- 
of the the 


water phases were respectively 0g 1. and 126 ¢ 1. 


summarized by benzene 


centrations alcohol in benzene and 
For the purpose of comparing all runs in this one 
system in terms of the different levels of protein 
addition the over-all coeflicients, A. have been 
calculated between concentrations in the benzene 
phase of 5g 1. and 10g 1. Over this range the 
distribution coeflicient, MH, varied from 0-122 to 
0-135. 


Fig. 2 shows some of the initial experimental 
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‘0010 


index change, 


Refractive 
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Fic. 2. Typical experimental runs showing the effect of monomolecular films of bovine plasma albumin on 
the transfer of isopropyl alcohol from water to benzene in terms of the approach to the equilibrium refractive 
index of the benzene phase. 


data plotted with semi-logarithmic co-ordinates 
in terms of the approach to the final equilibrium 
refractive index of the benzene phase. For these 
three runs each liquid phase was stirred at a 
speed of 200 rev min and redistilled water was 
used as the aqueous phase. Run 5 proceeded at 
the fastest rate since no surface-active agent was 
present at the interface. The rate of transfer was 
reduced by the addition of a plasma albumin film 
spread to a coverage of 1-17 m*®,/ mg of the protein, 
and further protein addition to a coverage of 
0-86 m*/mg in Run 6 caused a greater reduction. 
The respective over-all coefficients for Runs 5, 7 
and 6 were 572 « 10-4, 2-82 « 10-4 and 
1-71 10-4 em /sec. 

The influence of the type of aqueous substrate 
on the rate of transfer is shown in Fig. 3 where 
the over-all coefficients for 200 rev, min stirring 


in each phase are plotted as a function of the 
protein interfacial concentration for the four 
aqueous substrates. The results for the tap water 
and the 0-01 N sodium hydroxide substrates were 
not easily separable in the present experiments, 
but were intermediate between those for redistilled 
water and 0-01 N hydrochloric acid. An important 
feature of this graph is that for each curve there 
is a protein concentration beyond which further 
protein additions have no effect on the mass 
transfer rate. Similar results were obtained at 
higher stirring speeds, as shown in Fig. 4 for the 
redistilled water and 0-01 N hydrochloric acid 
substrates, 

Lewis [8] reported that spread films of ODTAC 
appeared to have no effect on the rate of mass 
transfer. However, changes in contact angle 
(with consequent increases in the mass transfer 
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Substrate Symbo! 
Redistiied woter 
a Top woter T 
0-01 N HCL 4 
N 
~ 
speeds 200 rev/min 
= 
n~ R e 
N 2 3 
concentration, mg/m 
Fic. 3. The reduction of K,,. by bovine plasma albumin films for the benzene water-isopropy! 


alcohol system at 20 


area) were noted. Such changes and their effects 
were minimized in the present apparatus so the 
experiment of Lewis was repeated. As reported 
in Fig. 5 the over-all rate of mass transfer was 
reduced to almost 70 per cent of the value for a 


0-1°C with four different types of aqueous substrates. 


clean interface. For a surface coverage of 37-5 A® 


per molecule the monolayer would be in a very 
compressed state, so that a larger reduction in the 
transfer rate might be expected on the basis of 
the previous protein film experiments. However, 


Substrate tirrer speeds Symbo 
Benrene Wolter 
Red stilied 2OOrev/mm rev/min 
water 
300 ° 
a 
ON # 206 
250 o 
400 
= 
x 
2 3 
Surface concentration, 


Fic. 4. The effect on AK 


0-01 N hydrochloric acid) in the presence of bovine plasma albumin films of given concentration at 20 


of increasing the stirrer speeds in the benzene and aqueous phase (redistilled water and 


Ore, 
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Reduction in the relative rate of transfer of isopropyl alcohol from water to benzene at 20 Ol ¢ 


caused by spread films of CTAB and ODTAC. The stirrer speed was 200 rev, min in cach phase. 


the ODTAC compound is quite soluble and is 
very quickly taken into solution in a stirred cell, 
though in a static cell the diffusion away from the 


interface is slow {12}. For spread films (or, more 


correctly, very weak solutions) of CTAB, very 
slight reductions in the mass transfer rates were 
detected. 


In order to demonstrate that the above effects 


100k 
\ 
\ 
\ 

80 \ 
\ 
\ 
\ 
o 60 \ 
\ 
a 
\ 
«40 
2 | 

2 


Surfoce concentration, 


Fig. 6. 
mucosa pepsin films. Stirrer speeds, 200 rev min ; 


Reduction in relative rate of transfer of acetic acid from water to benzene at 25 


mg/m* 


0-2 C caused by porcine 


initial concentration of acetic acid in water, 126g 1. 
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Two-component ethyl acetate 


benezene water 


propyl aleohol system or to the plasma albumin 


were to 


thos two other short series of experiments were 


undertaken. In the first of these. acetic ac id 
was transferred from water to benzene in the 
presence of films of acid resistant protein. VIZ. 


Fig. G mcheates that the 


same general form of curve was obtained as before. 


The second series confirmed that bovine plasma 
albumin produc esareduction in the obs« rved single 
film coeflicient inthe two component thvlacetate 


water svstem just as it had reduced the over-all 


transter cocthcent the three component system, 


In Fig. 7 it is also observed that the typ 


the present system) affects the reduction achieved 


by a given amount of proteim. 


Pun Inverractat. Properties 


Prorein 

In accordance with the suggestion [8] that the 
suriace viscosity of two-dimensional films may 
have some influence on the hydrodynamics of 


the interfacial mass transfer process a new method 
was deve loped for the measurement of this pro- 
In 


this method the surface viscosity (measured in 


perty of films at the liquid-liquid interface. 


watersystem withethyl acetate transferring at 20 


aqueous phase (redistilled water or tap water for 


Reduction of k,. caused by bovine plasma albumin films spread on two different substrates. 


surface poise, 
ot the 

canal, Two stationary concentric wire rings form 
thr at 
liquid motion is provided by the rotation of the 


sp.) is obtained from the rate of 


film im two-dimensional circular 


canal the liquid liquid) interface while 
bulk phases in a pan ona turntable. The method 
relies on the calibration of the rate of rotation of 
tale particle sat the centre of the canal with films 
of known viscosity at the air liquid surface, 

The 


been plotted in terms of surface concentration 


viscosities determined in this way have 


in bigs. S and 9 for the benzene water system 
the ethyl 


spectively. From these Figs. it is evident that the 


and for acetate water system re- 


interfacial viscosity is very dependent on the 
protem concentration and on the type of aqueous 
substrate used. 

Consideration was given to differential surface 
tension forces in the interface, as well as to the 
Such 
differential surface tension forces are related to 
that 
arise between adjacent parts of the film due to 
effects. 
defines the surface compressibility, C, 


stresses resulting from surface viscosity. 


differences surface concentration may 


exterior mechanical This relationship 
of the film, 
VIZ. 


1dA 
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where A is the surface coverage in m? mg, 4°! 
the and 
is the corresponding surface pressure in dyn em, 
The (1) the 
definition used surface chemistry literature 


is surface concentration me 


first part of equation is normal 


[15], but the second form was found to be more 
convenient for the calculation of C. 


The surface or tilm pressure 1s detined as the 


difference, 


Yo 

clean 
the 

more 
the 


surface 


of the 
tension 
The 
present 
the 


surface tension 
the 


surtace-active 


the 


and 


where is 


surface, yy surtace 


the 


material 


presence of lili. 
there 


the 


surtace-active Is 


smaller will be and vreater 


pressure. 

The two-dimensional tilm is analogous in certain 
respects to the three-dimensional gaseous, licguid 


The 


pressure volume diagram, and 


and solid systems. vs. -f diagram re- 
sembles the 
both lead to the calculation of a compressibility 


surface 


Vs. 


or of a modulus of compressional clasticity, 
the 
it expresses the strength 


two-dimensional — systems Is 


compressional modulus : 


25 
E | 
Vv 
~ 
c 
isl 
¢ 
= 
a 
10 
= 
= 
5} 
Surto 
Fic. 10. 


of the film (force per unit strain) at a given 
surface concentration. 

In the present work the interfacial tension was 
determined by the du Notiy ring method [16}, 
The standard laboratory apparatus was modified 
by the fitting of suitable mirrors to give a light 
path of total length approximately 6m. This so 
the that 
reading corresponded to a force of 7-16 


scale 
1-4 


weight and to a surface tension of approximately 


increased sensitivity a tmm 


0-057 dyn em, the exact value depending on the 
ring correction factor [15]. 

The surface pressure obtainable at the ethyl 
interface with bovine plasma 


acetate water 


albumin proved to be only Tdyn em even at 
high surface concentrations, (in view of the low 
the 


ment of changes in surface compressibility of the 


initial interfacial tension) so that measure- 
film at the very low concentrations required would 
not be sufliciently accurate. The surface pressure 
the 


concentrations 


at benzene water interface for low protein 


howe er, 
Small 


differences in the tilm pressures were observed in 


(c.g. 0-02 mg m*) was, 


high enough to be measured accurately. 


ce 


The interfacial pressures of bovine plasma albumin films at the benzene water interface at 20 


S ubstrote Symbols 
Redistiied woter « 
Top woter 7.9 
NoOH wa 
HCL 
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Surface compressibility data for bovine plasma albumin films at 20 + 1 ( 


at the benzene. water interface for the four aqueous substrates shown in Fig. 10. 


the presence of different aqueous substrates as 
shown in Fig. 10, From the slopes of these curves, 
which are linear near the origin, can be calculated 
the surface compressibility, C, by means of the 
second form of equation (1). 

Fig. 11 shows that for high available surface 
areas, A, Le. at low surface concentrations, the 
compressibilities on the various substrates are 
high, whereas for small values of A the films are 
not very compressible, ic. they show a greater 
strength and modulus C-!, For large values of A 
it can be scen that the redistilled water substrate 
produces the most easily compressible films, and 
that the strongest films are formed on the dilute 


hydrochloric acid substrate. The tap water and 


dilute sodium hydroxide substrates give inter- 
mediate compressibilities. 


Discussion 

(a) The effect of surface viscosity 

One important feature of the mass transfer 
results is that a very small amount of surface- 
active material can cause a large reduction in the 
mass-transfer rate. Thus for the benzene-water 
isopropyl alcohol system only 0-7 mg of bovine 
plasma per m?® of interfacial area reduced the 
over-all coellicient from 6 10-4 to 
em see (Fig. 3) in the presence of 0-01 N hydro- 
(Thi 


than 5 ug on the 67-8 cm? interfacial area in the 


chlorie acid. amount of substance is less 
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transfer cell). However, the data in Fig. 8 show 
that more protein, viz. 1-2 mg m*, was required 
on the same substrate before the interfacial 
viscosity become detectable. By comparison of 
Figs. 3 and 8 it is seen that the protein was more 
effective in producing an apparent resistance 
to mass-transfer when spread on dilute hydro- 
chloric acid rather than on redistilled water, 
but less effective in forming a viscous interfacial 
film. Thus the protein films do not reduce the 
transfer rate because of increased interfacial 
viscosity. 

A similar conclusion can be drawn from Figs. 7 
and 9 in regard to the two-component ethyl 
acetate-water system. The maximum resistance 
was reached at a protein concentration of 
1-4mg m?* on redistilled water, but more than 
1Smg m* was required before the interfacial 
viscosity had become appreciable. Furthermore, 
the protein was more eflicient in causing an 
interfacial viscosity when spread on the tap water 
substrate, but the rate of transfer is reduced 
further when the protein was spread on redistilled 
water. 

The combined evidence suggests that inter- 


facial viscosity is not the property of surface- 


active films responsible for the “ interfacial 
resistance © caused by such films. The results of 
Lewis [8] had implied the importance of inter- 
facial viscosity since a large resistance was 
obtained with rigid or extremely viscous protein 
films but not with the negligibly viscous 
mobile films of octadecyltrimethyl-ammonium 
chloride. However, Fig. 5 shows that a resistance 
was obtained in the present work with dilute 
solutions of this substance applied initially as a 


spread film. 


(b) The effect of the surface modulus 

Figs. 3 and 4 demonstrate respectively the 
results of using different aqueous substrates and 
different stirring speeds. Within the experimental 
range of stirring speeds, viz, 100 300 rey /min, the 
film coeflicients may be correlated by the group 
(Re, Re,)'* for a given liquid-liquid system. 
The results obtained in’ the benzene-water 
isopropyl alcohol system for the various sub- 
strates and protein concentrations may be further 
(Re, as a 
function of the surface modulus, C~!, as shown in 
Fig. 12. This is justified by the initial observa- 


correlated by plotting A 


ou 


tions that at a given protein surface concentration 


| 
| 
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>| 
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Fic. 12. Correlation of K 


om 


for various rates of stirring, with the surface 


modulus or reciprocal compressibility, C-!, for the four substrates. 


VOL, 
16 
1967 


16 
1962 


The effect of interfacial films on mass transfer rates in liquid-liquid extraction 


the hydrochloric acid substrate gave the strongest 
films together with the greatest reduction in mass 
transfer rate ; the redistilled water substrate gave 
the the 


tap water and sodium hydroxide substrates gave 


weakest films and lowest reduction ; 


intermediate values. In this way the maximum 


deviation of 10 per cent from an average 


curve in Fig. 3 is reduced to, 
Fig. 12. 

The departure of the data for the redistilled 
the 


surface 


25 per cent in 


from those of other three 


the 
not 


water substrate 


substrates in vicinity of modulus 


5dyn em has been investigated further 


here. It may result from the appreciable inter- 
facial viscosity of the film in this region, though 
the effect on the mass transfer rate is of secondary 
reduction of more than 


Importance simce oa 


50 per cent has already occurred at a modulus 


of 2 dyn em, 


The surface-clearing model 
The the 
transfer process can be explained in terms of a 
called 


observed at 


(c) 


influence of surface films on mass 


model based on what can be 


This 
both liquid diquid and gas-liquid interfaces — at 


simple 
surface-clearing.” may be 
the latter by directing a weak air jet on to th 
surface after it has been sprinkled with clean 
tale particles. A large circular area of the surface 
will be cleared of particle s when the jet is directed 
vertically on to the surface. If an easily com- 
pressible protein film is applied to the surface and 
the tale redistributed evenly, the size of the cleared 
area will be decreased for the same jet strength ; 
also the area closes up again on removal of the 
jet. Less compressible protein films cause the 
size of the cleared area to decrease until the films 
are too strong to be cleared. At this point a slight 
increase in the jet strength again causes a small 
area to be cleared. 

It wil! be obvious that the compressibility of 
the surface film in such a process will determine 
for a given disturbance the size of cleared area 
the the 
disturbance. It is proposed that the disturbances 


and rate of recovery on removal of 


in the mass transfer process, Le. 
various magnitudes, are controlled in a similar 


wav. Thus there will be a control on the rate 


the eddies of 


of renewal of interfacial area with fresh solution 
from the bulk, and therefore in the light of the 
surface renewal theories (17, 18] a control on the 
mass transfer process. 

The results expressed in Fig. 12 are a demon- 
stration of the Toor) {18} model which 
states that the rate of transfer is high for short 
surface ages and decreases with 


asing age 


until for long contact times the rate reaches a 
steady value corresponding to the steady state 


Whitman kor 


film modulus the surface renewal takes place in 


diffusion through a film. ZeTO 


the normal way, but with increasing modulus the 


renewal by some eddies is prevented, the average 


surface age increases and the transfer rate 
decreases, For a modulus C-! of 10 dyn em 
surface renewal is apparently negligible in’ the 
present system; consequently increases the 


modulus above this value do not furthe r reduce 
the transfer rate. 
It must be that 


deduced theoretically that surface 


has 


noted here Levicu 


films act on 


damping of ripples is attributed to the surface 


ripples through similar mechanism. 


forces which result from local surface concentra- 


tion differences caused by wave motion. \ 


surface modulus is defined and it is found that for 
the the 


“an incompressible solid lamina.” 


very large values of modulus surface 
behaves as 
Beyond this condition no further damping is 
possible. 

Both surface rippling and surface renewal can 
be controlled by differential surface tension forces 
direct the 


phenomena being implied, For very large ripples 


without any relation between two 
such as those that may build up in a falling film 
there may be some direct contribution to the mass 


transfer rate through increased turbulence. 


CONCLUSIONS 

The present experiments with the stirred cell 
have shown that: 

(i) Minute amounts of surface-active material. 
viz, of the order of mg for the types of 
protein investigated, cause the maximum reduc- 
that 
slight contamination in liquid-liquid extraction 


tion in mass-transfer rate, and therefore 


systems can seriously affect the transfer rate. 
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(ii) Interfacial resistance is not directly i 


related to the surface viscosity of interfacial 


films. ‘n 
(iii) The nature of interfacial resistance h 
can be explained in terms of a surface-clearing 
model on the basis of the hydrodynamics of the Kn 
mass-transfer process and the strength of the 
interfacial film as detined by the surface com- 
pressional modulus, L 
(iv) The presence of an incompressible mono- Neaquil 
laver on an interface reduces the rate of mass- nN 
transfer by changing the control from surface ‘ 
renewal to diffusion through a stagnant film. z= 
ich noecledgement— One of us (GARAM.) gratefully 
acknowledges the award of a scholarship by the Shell Re, 
Company of Australasia Limited. The authors wish to 
thank Mr. J. of Pharwell, for helpful 
0 
NOTATION 
i surface coverage, ic. available area per mg or 
per molecule m* mg or A? moleculk 
( surface compressibility em dyn p 
surface modulus dvn em 
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The correlation of individual film coefficients of mass transfer in a stirred 
cell 
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Abstract) To assist in the interpretation of over-all mass transfer coeflicients in liquid-liquid 
extraction in stirred cell experiments the following improved correlation has been derived on the 
basis of the data of Lewis: 
(ky 000816 (Re, Res)! (vy ay)! (0-6 4 4 (Seh,)> 
‘ This relation has been confirmed by new experimental data obtained using a cell of slightly 
ey moditied construction. Systems studied were : 


(1) The benzene water isopropyl alcohol system. 
1962 


(2) The benzene water amyl alcohol system. 

(3) The ethyl acetate water system. 

(4) Systems (1) and (2) in the presence of polyethylene oxide in the aqueous phase to increase 
the viscosity. 


During the development of the correlation it is shown that the individual film coefficients, 
ky, are not entirely independent of the diffusion coeflicients, D,, of the respective phases, so 
that the transfer is not completely controlled by eddy diffusivity. It was found that k, is pro- 
portional to D, with an exponent of 4, which is less than the exponent of 4 required if the transfer 
takes place only by unsteady-state diffusion into stagnant surface elements, but which is nearer 
the exponent of zero required if the transfer takes place by a turbulent mixing process. 


Résumé Pour faciliter Vinterprétation des coeflicients de transfert de masse globaux dans 
Vextraction liquide-liquide cn cuves agitées on a utilisé la relation suivante dérivée des données de 
Lewis. 
(ky L Dy) 0.00816 (Rey Reg)! (uy (0.6 *4 (Sch, 
Cette relation a cté veritice par de nouvelles données expeérimentales obtenues avec une cuve 


léegéerement modilice. 
Les systémes suivants ont été étuciés : 


(1) — Benzéne cau alcool isopropylique 

(2) Benzéne alcool amylique 

Acétate déthyle — cau 

(4) Systemes (1) et (2) en presence doxyvde de polyethylene en phase aqueuse pour accroitre 

la viscosite. 

Pour établir la relation on montre que les coefficients de film individuels, 4,, ne sont pas 
enti¢rement independants des coeflicients de diffusion, D,, des phases respectives de méme que 
le transfert nest pas entiérement controlé par la diffusibilité tourbillonnaire. On montre que 
k, est proportionnel a (D,)' ©. 

Lexy osant 1 6 est plus faible que lexposant 1 2 requis si le transfert se fait uniquement 
par diffusion entre la surface non turbulente séparant les deux élements, alors qu'il se rapproche 
du zéro requis lorsque le transfert se fait avee turbulence. 


Zusammenfassung Zur besseren Deutung von Gesamt-Stoffiibergangskoeflizienten bei 
der Flissig-Flissig-E-xtraktion in Riihrzellen wurde die folgende Beziehung aufgrund der Daten 


von Lewis abgeleitet 


*B.LC.M., 23 Carel van Bylandtlaan, The Hague, Holland. 
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(k, L/D,) 


0,003816 Re, Reg)" (0.6 


My) 2.4 (Sch, 


Diese Beziehung wurde durch neue experimentelle Daten bestatigt, die in einer etwas modifizierten 


A\pparatur erhalten wurden. 


1. Systeme Benzol Wasser 

2. Svstem Benzol Wasser Amvlalkoh 
3. System Acthyvlacetat Wasser. 


Die Systeme (1) 


Viskosit tiiserhohung. 


ol 


Die folgenden Systeme wurden untersucht ; 


lsopropylalkohol 


(2) in Anwesenheit von Polyiitthyvlenoxyd in der wiissrigen Phase zur 


Bei der Ableitung der Bevichung wird gezeigt, dass der individueclle Filmkoeflizient ky 


nicht ganzlich unabhangig vom Diffusionskoeflizient D, der entsprechenden Phasen ist, so dass 


der Transport nicht allein durch die Wirbeldiffusion bestimmt wird. Es wurde gefunden, dass hy 


proportional D, ist mit dem Exponenten 4, welcher kleiner ist als der Exponent 4, der notwendig 


ist, wenn der Transport nur durch unstetige 


geschicht 


lente Mischvorgiinge stattfindet 


INTRODUCTION 


Meruops of data correlation have been well- 
developed in the field of heat transfer since the 
design of much industrial heat transfer equip- 
ment relies on correlations of suitable pilot plant 
data. The application of dimensional analysis 
and the selection of the relevant dimensionless 
groups have been extensively discussed in the 
literature, so reference is made here only to the 
work of Cotpurn [1] who pointed out the inade- 
quacies of the earlier methods of plotting data. 
COLBURN recommended the use of a j-factor 
defined as 
Ju = (Nu) (Pr)-? 8 (Re)! 

It was shown that previous methods were equiva- 
lent to plotting a function of (Re) vs. (Re) itself, 
and that the inclusion of (Re)! in the j-factor 
removed the effect of the rate of tluid tow implicit 
in the Nusselt number. This gave a more correct 
estimate of the degree of true correlation. 

and [2] later drew attention 
to the analogy between heat and mass transfer 
and applied a similarly defined j-factor to the 
correlation of mass transfer data. However, the 
previously established correlation for film coetti- 
cents of mass transfer in a stirred cell [3] does 
not follow the j-factor approach but has the 


non-dimensionless form 


60 py ky py 


6-76 


where the subscripts refer to the first and second 


10 *(Re, Re, py 


liquid phases, In equation (1) the film coefticient, 


Diffusion in dic 
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ruhenden Obertlachenclemente 


Er ist aber nither dem Exponenten 0, der autritt, wenn der Transport durch turbu- 


ky, 


phase, fg. SINCE this cancels in the term (Re, fea) 3 


is independent of the viscosity of the other 


and for high values Of je, tS approaching clirect pro- 
portionality to a). since the second term on the 
right is controlling. The latter means that higher 
rates of transfer can be predicted for high viscosity 
phases. For these reasons an improved correla- 
tion of the data employed in [3] and as given in 
[4] has been sought along the lines suggested by 
the Colburn j-factor. 

roe CORRELATION 


DEVELOPMENT OF 


The j-factor is detined for the present purposes 
as 
(2) 


j = L, Dy) (Seh,)* (Re,) 


where the characteristic dimension, L, is taken 
as the tip-to-tip length of the equal stirrer blades. 
Previously the assumption was made that the 


influence the film coeflicient, &,, in the present 


liquid phase diffusion coeflicient, D,, not 
type of highly turbulent system for the reason 
that the transfer would be by eddy diffusion 
entirely and not by molecular diffusion, Certainly 
a very small exponent of D, may apply since, 
for example, the work of Pasquitt. [5] on turbulent 
diffusion in evaporation in a wind-tunnel resulted 
in an exponent of approximately 2 9 instead of 
zero, as for eddy diffusion. 

The definition of j above contains D, to the 
exponent of 2.3, but this can be tested by plotting 
the j-factors for otherwise identical conditions as 


a function of the Schmidt number. If it is found 


= 
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that the resultant line has a slope of 2.3 then k, 
is independent of D,. 

The data of Lewis [4] for the rates of transfer 
between mutually-saturating liquid phases, were 
recalculated to give j-factors, and a number of 
preliminary plots of these indicated that for a 
given liquid phase the j-factor was inversely 
proportional to the square root of (Re,) and 
directly proportional to the square root of (Re,). 
This is shown in Fig. 1, where j has been plotted 
vs. the ratio of the Reynolds numbers, and whence 
for a given liquid phase we have 


j = «a(Re,/Re,)-*". (3) 


factor 

oO 

; 

; 

+ 


tA Water 


Fic. 1. The j-factor vs. (Re, Re,) for the Lewis data. 
In this equation « is a function of the properties 
of the liquid phase or phases. 
Before the 
determined it was necessary to check the de- 


form of the function x was 
pendence of k, on D,. This was done by plotting 
x vs. the Schmidt number as shown in Fig. 2. 
The points plotted in this Fig. are representative 
of the spread of the data for each liquid phase in 
that they define the best straight lines through 
the points on Fig. 1 and the maximum variations 
above and below this. The data are distributed 
according to the parameter jpy/p,, with the 
exception of the furfural phase = 0°59), 
which Lewis also found to be irregular [8]. 


Two lines have been drawn through equal values 
of the parameter, viz, 2-3 and 0-3, and these 


A line of slope 2 is also drawn 


have a slope of 4. 
since this is the necessary slope for k, to be 
independent of D,. However, the data correlate 


more closely to the lines of slope }, so the effect 


(Re /Re2) 


(Sch,) 


Effect of the Sehmidt Group and of the 
Viscosity ratio. 


of D, is not entirely absent. The correlation is 
then of the form 


j (Re, Re,)!? = (Sch,)'2, (4) 


Le. ky L D, B (Re, Re,)! 2 (Seh,)° (5) 


where 2 is a function of the parameter (ju, 4). 

The quantity 8 could be a function of a number 
of the physical properties considered by LEWIs 
[3]. Porrer [6] has pointed out the importance 
of both viscosity and density of the liquid phases 
in the laminar flow system. However, the range 
of densities is quite small, viz. 0-8-1-2 g em‘, 
compared with the range of viscosities, viz. 
0+ 4¢P, so the influence of viscosity alone has 
been considered. A series of plots has given the 
form of the function 8 to be 


where 6 is a numerical factor in the present work. 
The data are shown correlated by this and the 
other dimensionless groups in Fig. 3. There 
still remains some degree of stratification of the 
data into levels corresponding to different liquid 
phases, but this is no greater than the scatter 
due to experimental error, Certainly the data for 
the water phase of the ethyl acetate-water system 
scatter across the whole band of data as the result 
of experimental variations. For this reason no 
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further investigation of the dependence of 8 and 


phase properties IS possible. 


5 on the 


a 
q 
> 
+ 
~ ; 
} 
| 
4 a * 0 
(Re /Re 
Fic. 3. Correlation plot of the Lewis data. 


The correlation in its final form can be ex- 


pressed more conveniently without the Jj-tactor 


as follows: 
(k, L = 000816 (Re, Re,)'* 


(O-G + peg py) (6) 


3 
= 
~ 
Z 
(Re, Re.) 06 
Fic. 4 Alternative form of the correlation plot. 


This equation determines the line of positive 
slope shown in Fig. 4, which is the form of pre- 
sentation used by Lewes (4). 


EXPERIMENTAL Deratts 


New experimental data have been obtained in 
the course of the work as described in the previous 
joint paper. These were the data for the pure 
the 


agent) benzene water jsopropyl alcohol and ethyl 


systems (Le. in absence of surface-active 
acetate water. The range of Reynolds numbers 
represented is from 1120 in the aqueous phase to 
6820 in the solvent phase [7]. 


At the suggestion of Dr. J. T. 


Davies other 
experiments were performed using an aqueous 
phase of 20-4 ¢ amyl alcohol per lL. and determin- 
ing the rate of transfer of the amyl aleohol up 
to a concentration of Og Lin the benzene phase. 
This was investigated in the presence of 1 per cent 
the 
increase the viscosity artificially. (The oxide was 
kindly 
coloured powder of type WSR. 205 by the Union 
Carbide Co.). The the 


1 per cent solution depended on the mode of 


polvethvlene oxide in aqueous phase to 


supplied in the form of a light-amber 


Chemicals viscosity of 
preparation, but was measured on each occasion 
by means of a Ferranti Portable Viscometer over 
a shear rate range of 68 to 950 see ' and found to 
be Newtonian within the experimental error of 

O2cP. Further, this solution was surface- 
active and deposited interfacial impurities over 
a period of time. The runs were therefore con- 
ducted with a heavy protein monolayer at the 
interface so that the interfacial condition would 
be reproducible. Similar runs were performed 
using the benzene water isopropyl alcohol system. 


EXPERIMENTAL 


(a) The benzene water isopropyl alcohol system 

The rate of transfer is controlled by the benzene 
phase film coeflicient since the distribution coe- 
ficient, 77, has the low average value of 0-128 
over the range of benzene concentrations from 
5 to 10g lat 20°C [7]. Now the standard equa- 
tion for the total resistance is 


l 
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which, as far as the present system is concerned, 


can be written 


Hk, 


kK... (S) 
whence hy, can be calculated from the experimen- 
tally determined values of A,,.. 

The magnitude of the error involved in the 
approximation can be demonstrated for a typical 
run, say for 200 rey min stirring in each phase. 
The diffusion coeflicients for ‘sopropy!l alcohol 
in benzene and in water can be calculated by the 
methods of and Winker [8] to be, re- 
10 The 


calculation on the basis of Equations (6) and (7) 


spectively, 2 and 1 em? see. 
GIVES : 

O-OOS O-O0380 


= O-12s 


316 2000 

ZS16 sec em 
Henee the benzene phase constitutes 2000 2316, 
Le. O86, of the total the 


plot of the experimental data in Fig. 5 shows that 


resistance. Llowever, 
the resulting deviation of approximately 15. per 
cent is negligible in terms of the relative position 
of the data and the 


The above caleulation in terms of the correlation 


1) per cent limits. 


equation (6) gives A, for this particular run as 


1 2316 1-32 10-4em_ see, which compares 
with the experimental value of 5-72 . 1o-4 
cm see, The Lewis correlation — predicts 
3-6 10-4 em see. 

(b)  Benzene-water-amyl alcohol system 


The over-all coeflicient for 200 rev. min stirring 
in each phase was determined over the amyl 
alcohol concentration range of zero to 9g 1. 
in the benzene phase, and for an initial aqueous 
of 20-4¢ 1. The 


10-fem sec in the presence of a pro- 


phase concentration result 
was 7:1 
tem film of very high compressional modulus, 
In the previous joint paper it was shown that 
for the benzene -water-isopropyl alcohol system 
such a film reduced the over-all coeflicient by a 
factor of 4-5 under the same stirring conditions. 
Hence the A, for a clean interface in the present 
system would be 45 7-1 10-4 — 32 x 10° 


cin sec, 


The above result can be compared with that 


predicted by the correlation. The calculated 
diffusion coetlicients of amyl alcohol in water and 
in benzene are and 1°65 10-6 


cm? sec respectively [s]. Whence by equation (6) 
the film coetlicients 3-08 10 3 
= 3-81 em 
for the experimentally determined distribution 
of H $ at 20°C, it that 

em sec, which is in agreement 
10 


are and 


sec. By equation (7) and 


coellicient follows 


kK 2-6 


with the experimental value of 3-2 yom sec, 


(ce) Addition of polyethylene oxide 


For two runs at 200 rev. min stirring in each 


phase of system (a) with an aqueous phase 


viscosity of 15¢P, the experimental values of the 


over-all coeflicients were 7-0 and 


10-8 em sec. If equation (6) Is applicable 
at this high viscosity the predicted value is 
55 10 %em see, which approximately 


If this 


extrapolation to ts approximately correct 


80 per cent of the experimental values. 


(the correlation is based on systems with viscosi- 
ties only up to 4¢P) then the protein film eviden- 
tly has little effect in reducing the transfer rate. 
The value of A the 
correlation for system (a) and the aqueous phase 
10 


predicted by Lewis 


ou 
Viscosity of 15 ¢P is 3-8 fem sec. which is 
higher than the above experimental values for 
the reason that a large film coeflicient is predicted 
for the viscous phase due to the approximate 
proportionality of to in that correlation. 

rey 


For two runs at min stirring in each 


phase of system (b) with an aqueous phase 
viscosity of 10c¢P the experimental values of 
were 27 and 28 em. see, 
while equation (6) predicts 3-4 10 tem see. 


(The Lewis correlation predicts 1-8 10-%cem_ see). 
Thus again the effect of the protein film at the 
interface would appear to be small as far as the 
rate of transfer in the presence of a highly viscous 


phase is concerned. 


(d) 

The diffusivity of ethyl acetate in water has 
been experimentally determined by Lewis [9] 
to be 1-0 10-5 em? see. This, together with the 
other physical properties [3] of the system, has 


Ethyl acetate-water system 
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G. 
been used to express the experimentally deter- 
mined [7] film coeflicients in the water phase, 
k 


ment 


The agree- 
the 
min stirring in each 
10 


in dimensionless form in Fig. 5. 
the 
limits of error. 


correlation well within 


For 200 rey 


with Is 


phase the experimental A, was 2-67 Sem. sec, 
the 


10-2 em see. 


while correlation, (6), predicts 


equation 
The value predicted by the 


Lewis correlation ts 2-3 10 "em see, which ts 


also in agreement with the experimental resalt. 


Re 


Re 


Fic. 5. 


acetate water system 


Comparison of the new data (for the ethyl 
the 
isopropyl alcohol system) with the correlation. 


and for benzene water 


Discussion 


The correlation, equation (6), has been based 
on the data for the major liquid liquid systems 
used by Lewis [4] in the mutual saturation runs 
including those for the furfural phase of the 
furfural water system. In this system the furfural 
phase film coetlicients exceeded by approximately 
100 the the 
correlation. The present correlation re- 


per cent values calculated from 
Lew Is 
presents satisfactory improvement this 


respect. The experiments of the present work 
were performed in a cell of identical size to the 
cell but the battle 


omitted in order to give a larger interfacial area. 


Lewis with outer annular 


However, as Fig. 5 shows, the present data fall 


within the same limits as the data of Lewis. 


A. 
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The conclusion is that the baffle does not inter- 
fere with the eddies promoting the renewal of 
interfacial elements ; or, alternatively, that in the 
presence of the bafile there is a compensating 
increase in the interfacial area as the result of 
the contact angle not being a right angle. 

For the highly viscous systems studied the 
modified correlation predicts over-all coetlicients 
that are within +4 25 per cent of the experimental 
values in the presence of interfacial protein films. 
Thus, evidently, in such systems interfacial mono- 
molecular films have little effect on the transfer 
rate by interfering with the renewal of interfacial 
clements since such renewal has already been 
greatly reduced by the resistance offered by the 
highly viscous phase. 

The exponent of one-sixth obtained for the 
the the 
diffusion coefficient is an approximation based on 


dependence of film coetlicient upon 
the data available at present. Such data represent 


to 


a range of diffusion coetlicients from 3-6 


see for isobutyl aleohol in water 


3-5 10 ® em? sec for ethyl formate in water, 
and of viscosities from 3-95 to 0-4 ¢P respec- 
tively. In normal systems the variation of 


diffusion coetlicient from one system to another 
is closely related to the variation of viscosity. 
Some degree of separation of these two variables 
the 
dependence of the film coetlicient on the Schmidt 


has been obtained by satisfying firstly 


number (Fig. ). and secondly the dependence on 
the of the phases (Fig. 3). 
The correlation derived in this way predicts the 


relative Viscosity 
rate of transfer in the two systems for which 
polyethylene oxide was used to increase artili- 
cially the aqueous phase viscosity by a factor of 
10 to 15 without affecting the diffusion coetlicient. 


Suerwoop [10] has mentioned that for highly 
turbulent mixing in the bulk phase the rate of 
transfer should be independent of the diffusion 
coeflicient, ic. the exponent should be zero; 
and that near the interface the exponent should 
However the theory of Toor 

{11} that this 


latter assumption applies only to those surface 


approach unity. 


and indicates 
elements of sufliciently great age for an approxi- 


mate steady-state to be established, and that 
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for very new surface elements the Danckwerts 
model [12] may apply with an exponent of 0-5 
for the diffusion coeflicient. On this basis alone, 
therefore, values of the exponent should lie 
between 0-5 and unity. It should be stated in 
this connexion that the value of 0-5 is derived 
from the initial assumption that the transfer 
takes place by a penetration or unsteady-state 
process. For such a process Fick's law of diffusion 
can be applied which then leads by the solution 
of the differential equation to the statement that 
the rate of transfer is proportional to the square 
root of the diffusion coetlicient. The assumption 
of other models for the interfacial mass transfer 
process leads to different values for the exponent. 
In practice, for well-stirred conditions and in the 
presence of clean liquid liquid interfaces the 
exponent will lie between 0-5 and zero since the 
physical process involves both penetration and 


turbulent mixing at the interface. 


CONCLUSIONS 

(1) A correlation of the form of equation (6) 
is applicable to both the data of Lewts [4] and the 
data obtained in the present work in which a 
cell of slightly modified construction was used. 

(ii) The effect of the coetlicient of diffusion, 
D, on the film coetlicient of mass transfer is not 
entirely negligible for the stirred cell system. 
As near as can be determined with the present 
data available, the exponent of D is one-sixth. 

(1) Equation (6) predicts the film coetlicients 
in the presence of highly viscous phases, and is 
in that respect more acceptable than the Lewis 
correlation. 

(iv) Monolayers of protein and other impuri- 


ties at a liquid-liquid interface where one of the 
liquids concerned is highly viscous have very little 
effect on the rate of transfer in a stirred cell. 
The liquid motion is sutliciently damped by the 
viscous effect alone so that a monolayer con- 
tributes no additional effect. 
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Nor ATIONS 


C, solute concentration in benzene phase gi. 
C..* — equilibrium solute concentration in water phase 
g/l. 


D diffusion coetlicient cra” see 


i distribution coeflicient Cc /c,° 


- overall mass transfer coefficient based on water 
phase concentrations em see 

hk = individual film coefficient of mass transfer 
cn sec 

L, tip-to-tip length of stirrer blade — 3-18 en 
\ stirrer speed rev ‘sec 
p density g em? 
viscosity 


Dimensionless groups 
jy ~ Colburn j-factor for heat transfer 
(Nu) (Pr)! 3 (Rey! 
j j-factor for mass transfer 
(Nu) Nusselt number for heat transfer 
(Pr) Prandtl number for heat transfer 
(L* Np/p) 
(u/pD) 
dimensionless factors as defined in the text 


(Re) — Reynolds number 
(Sch) Schmidt number 
B, y, 0 


Subscripts 


1 phase under consideration 
2 — adjacent phase 

b — benzene phase 

w = water phase 
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Abstract 


Dimensionless numbers used to characterize the transport properties of fluids are 


derived starting with the phenomenological laws of Fick, Newton, Fourier and Ohm which 


define the transport coefficients. Explicit values for these numbers, where possible, are discussed in 


terms of various assumed models 


Resume 


Dex nombres sans dimension utilises pour caracteriséer les proprictés de transport des 


fluides sont obtenus a partir des lots ck Fick, Newton, Fourier et Ohm relatives 4 ce pheéenomeén 


qui détinit les coeflicients de transport. Des valeurs déterminees de ces nombres, quand cela est 


possible, sont discuteées en fonction des divers modeéles considéres 


Zusammenfassung —Zur harakterticrung 


der Transporteigenschaften 


stromender Medien 


wurden dimensionslose Grossen benutzt, wober von den phinome nologischen Gesetzen von Fick, 


Newton, Fourier und Ohm, welche dt 


definieren, ausgegangen wurde. 


Explizite Werte dieser Grossen wurden. wo moglich, in Ausdriicken verschiedener angenom- 


Male lhe clishutrert 


rue practical appheations of « hemucal enginect 
ing use is made of certam dimensionless quantities 
eg. the Schmidt and Prandtl numbers which are 
The 


paper illustrates a method by which such dimen 


characteristic properties of a present 


sionle ss rs and othe r gem ral re lationships 


between transport coetlicients can be derived. 


Where possible explicit values of these numbers 
are given in terms of the properties of the constitu 
ents of the thud. 

In a system perturbed from equilibrium by the 
effects of concentration, velocity, temperature or 
electric potential vradients the perturbing in 
fluence of the gradient tends to be ehimunated by 
an irreversible flux of molecular or electrical 
quantities down the vradient. 

The thux of mass down a concentration gradient 
vives rise to the phenomenon of diffusion, the flux 
of momentum down a velocity gradient to vis 
the flix of heat down a 


cosityv, temperature 


vradient to thermal conductivity and the thax of 


charge down a potential gradient to electrical 


conductin ity Empirical relati between 


the fluxes and forces were proposed by Fick. 
Newton. Fourier and Ohm with the proportion- 
ality constants between the ftluxes and forces 


defining the transport coefficients. 


Phese laws and the dimensions of the transport 


coctlicients derived from them are given by 
equation | 1) 
Fick's Law Newton's Law 
de dv 
A A 
Fourier’s Law Ohm's Law 
q iT dy 
\ a, 
1 dA 
A mlt'T t 


where the fundamental quantities that have been 
chosen are leneth, time, mass, charge and tem 
perature. 

The dimensional equations im (1) are not ina 
useful form because of the time dimension which 
may be eliminated by the definition of absolute 


temperature [1] to give 
and the transport coeflicients rewritten 
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Various combinations of the transport coetlic 
ients can now be chosen depending on whether or 


not the system contains charged particles. 


1. SYSTEMS CONTAINING UNCHARGED PARTICLES 


Three ratios can be chosen in this case from 
D, » 


written 


and A which from equation (2) may be 


A k D | D | 
A Nk Nm 
where / has been replaced by VON and x, 8 and 


y are dimensionless quantities, While for spherical 
molecules it is possible to show [2] from purely 
dimensional arguments that «, 8 and y depend 
only on the dimensionless quantities k 7 « and 


k is the 


constant and o the molecular diameter, explicit 


where ¢ intermolecular force 


values cannot be obtained without recourse to 
detailed statistical theories, 

Boltzmann's constant kK may now be expressed 
in terms of the specific heat. Using the equiparti- 
tion value for the molar specific heat of a mona- 
5NK_ 2, equation (3) may be 


rewritten in the more familiar form 


tomic gas, viz. C,, 


Cy 5 
. 


Nm A Pa 


(4) 
Nm A p D 


The first ratio is the Prandtl number, the third 
the 

Further relationships between the coetlicients 


number and the second their ratio. 


may now be obtained from taking the products of 
the coctlicients. Of these the commonest relation- 
ship ts 

k 7 

Dyl 


d (5) 


which is the Stokes Einstein equation if 1 ts 
replaced by the radius of the diffusing particle. 
As numerical values for the coetlicients x, 8.y 
and 8 can only be obtained from the detailed 
statistical theories these will now be considered 
for special cases. 
(a) Dilute gases 
Only in this case has a satisfactory statistical 
theory of transport processes been obtained. In 


terms of this theory [3] developed principally by 


CHuarMAN and Enskocg, the transport coefficients 
are in the first approximation 


kT l 
) 
Dy Sn o* J (22) 


75 7 
0° 4 ( T'*) 


(T*) and (7*) are correcting 


factors to the rigid sphere model of molecules to 


where 


allow for an intermolecular potential of the 
Lennard Jones 12: 6 form 
12 ao 
(r) be - (7) 
r r 


In this equation o is the molecular diameter at 


energy 


0 and « is the depth of the potential 
If the molecules can be treated 
as rigid spheres these correcting factors become 
unity, Other forms of the intermolecular potential 
and corresponding correcting factors have also 
been proposed [3]. 


Substituting equations (6) in (3) gives 


No 15 k D, (T'*) 
"No 25 Nk (7%)? 
D, 6V Qt? (7%) 
"o 5 Nm (7%) 


which are exact expressions for the transport 
coellicient ratios for gases interacting according 
II 
of temperature and assigned its equipartition 
value 5 Nk 2 then equation (8) can be rewritten : 


to equation (7). is assumed independent 


2 


pl 


N mA 3° 


pDC, 4 (7) 
NmaA 5 QU. 


5 Q(T) 


pD 6 (T*) 


which gives the values of the unknowns in 


equation (4), 

Fig. (1) shows the variation of the Schmidt and 
Prandtl numbers and p DC,, Nm A as a function 
of reduced temperature k 7 ¢« for monotamic 
gases assuming they interact as rigid spheres and 
as Lennard-Jones 12:6 molecules. This shows 
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Variation of Schmidt and Vrandtl Numbers and the Ratio for a Gas of rigid sphere 


molecules and spherically symmetric molecules interacting with a Lennard Jones 12: 6 Potential. 


that the Prandtl] number unlike the other two ts 
in the first approximation independent of the 
assumed law of force between the molecules and 
has the value 2 3. 

On the other hand, for a polyatomic gas with 
internal degrees of freedom it can be seen that 
by going from equation (8), which is exact, to 
equation (9) the Prandtl number does not give 
exactly the relative magnitudes of », and A,» as 
C,, may not have the value 5 Nk 2 and in addition 
is temperature dependent. Likewise the thermal 
conductivity of polyatomic molecules itself ts 
influenced by the internal degrees of freedom and 
must be corrected to account for the lag in the 
transmission of energy between the translational 
and internal degrees of freedom of the molecule 
[3}. 


between C,, 


However, in reality some compensation 
and A variations with temperature 
occurs to keep the Prandt] number for polyatomic 
molecules, as determined from experiment, 
approximately constant. 

The form of the Stokes Einstein equation can 
also be obtained considering D in equation (5) as 
a self-diffusion coetlicient and using equation (6). 


This gives 


. 256 N (9) (10) 
"o 15 


where r, the radius of the diffusing particle, is 


(b) 


Dense LUses 


For this case attention will be restricted to the 
variation with pressure of the transport coeflicient 
ratios. However as the theory here is less well 
developed only the rigid sphere model can be 
used, 

While in a dilute gas the transport of mass, 
momentum and energy takes place mainly over 
a “mean free path” between collisions by a 


ras 


convective mechanism, in a liquid or dense g 


the largest transfer of momentum and energy is 
by the collisional mechanism. This simply means 
that because in a liquid or dense gas the distance 
between molecular centres at contact is greater 
than the average distance between the peripheries 
of molecules the largest fraction of the transport 
is over the distance between centres at collision 
as compared with that 
This additional transfer does not affect the diffusion 


between peripheries. 
coeflicient. 

On the basis of this mechanism Enskog [3] 
derived the equations for the transport coefficients 
in terms of the corresponding dilute gas co- 
eflicients Ay and Dz, as 


C ro} Pr No, for rigid spheres ond 6 molecule 
| VOL 
| | 16 
-02 4 06 @@ 10 14 20 : 196 
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OS O7614y 
"o by " 
Al 
07574y $ (11) 
\y y 
DV 1 
dD, by 
where y RT) — land bh, — 7No*. At 


low densities y may be written in the virial form 


bo + 0.6250 (12) 
from which it can be evaluated, but at higher 
densities is best evaluated from the radial distribu- 
tion function [4]. It can therefore be seen that 
the dense gas coeflicients reduce to the dilute gas 
expressions in the low density limit when y is 
replaced by its virial expansion, 

From equation (11) expressions corresponding 
be written 


to (8) can be obtained which may 
k » 1. OS y 4 O7614 7 
m A l-2y O7574* 
kD 1 
mA 25 \1 L2y + 0-7574 
(1 OS y + 0.7614 
p dD 6 J 
Numerical values of these ratios are given in 


Table 1 as a function of y. In the case of the first 
ratio the reciprocal Is given for convenience in 
the comparison of these results with corresponding 


ratios for liquids. 


Table 


Table 1. 


Transport Coefficient Ratios of a Dense 


Gas of Rigid Spheres as a Funetion of 


Compressiility 


7] mA kK» k Doma n/p D 
0 3-7405 0-3200 00-8333 
02 £-0000 O-2519 0-9916 
11632 19909 12010 
O68 $2571 14611 
Os 13066 O-1310 17718 
3271 00-1083 2-1333 
1-2 $3200 0-0007 25455 
14 83-0085 
16 3048 O-0659 3-5221 
Is O-O5TI 
20 12644 £7015 
30 1684 0-0308 
400033 13-6412 
540 20-0128 
6-0 3-068 OOO! 27-6523 


These results indicate the expected behaviour 
with pressure. As » and A as a function of density 
pass through minima due to the changing mechan- 
k» mA. 


Likewise as the diffusion coetlicient is unaffected 


ism of transport so therefore does 
by collisional transport and continually decreases 
k Do ma p D 


respectively decrease and increase with increasing 


with increasing density and 


pressure 


(c) Liqu ids 


At present no completely rigorous theory of 


transport 


2. Ratio of mak ” for liquids 


pre In 


licguicds exists 


to enable 


Liquid Temperature mAKy Liquid Temperature m A, Ky 
(K) ( 
Benzene 288-2 202 Nitrogen 69-1 2.20 
2-28 71.4 2-39 
308-2 2-55 77 2-98 
318-2 2-83 Carbon monoxide 720 2-19 
Carbon tetrachloride 208-2 219 77-7 2-64 
308-2 2-42 2-80 
318-2 278 Methane 93-2 2-2] 
Argon 84-2 2:16 103-2 2-75 
87:3 2-31 108-2 2-98 
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Table 3. 


jor non polar organic liquids 


Liquid Temperature Dy we Liquid Temperature Dy» 10 

( WK) ( WK) 

n-Ventane [6 14-7 Cyclohexane {7 208-2 1247 
250-3 10-54 Jsopentane [7 208-2 11-61 
273-2 Neopentane [7 208-2 11-08 
12-08 2-Methylpentane [7 11-74 
2:27 3-Methylpentane 208-2 10-07 

n-Hexane {7 208-2 1221 2:2 Dimethylbutane |7) 11-87 

n-Heptane [6 147 2:3 Dimethylbutane [7 208-2 12-60 
107 Ncetone |7 208-2 144 
273-2 Nitromethane [7 208-2 
BOS 11-0 Benzene [5 288-2 13-12 
320-7 208-2 ol 
1256 
1-25 138 

n-Octane 208-2 1-20 Carbon tetrachloride [5 208-2 12-67 

n-Nonane 308-2 14-05 

n-Decane 208-2 11-14 i371 

n-Octadecane |7 208-2 176 

prediction of numerical values of transport co where € ¢ and & are dimensionless quantities. 


eflicient ratios. However examination of some of 


the available data may provide a rough guide to 


help im the prechetion of these quantities, 


Tabk wives expermmental values [5] of the 
ratio m A kK» for some simple molecules. 
It can be seen that this ratio is within 11 


per ee nt of 2-48, 
While the Stokes Einstein ratio for liquids ts 
Table 3 


non-polar organic 


known to be temperature dependent [5 
that 
the 


flor a 
product Dy, 


10 per cent, 


shows variety of 


10° can be taken as 


12 within about 


SYSTEMS CONTAINING Partricies 


With the introduction of charged particles the 
further relationships arises from 
Of the possible 


possibility of 
Ohm's 
those which produce 


law. combinations only 
commonly known relation- 
ships ure discussed, 


From equation (1) we obtain the following : 


= ) 
D PkT : > (14) 
no, = 


Interpretation of these equations will now be 
the 


considered where applicable for ease of 


electrons and tons respectively, 


The electron gas 
Unlike the self-diffusion and viscosity co- 
eflicients of molten metals which are normal, it 


that the thermal 


anomalously large [5], 


is known conductivity 
In addition the change of 
thermal conductivity of metals on melting is 


This 


LORENTZ 13] who attributed it to the conduction 


small. problem was largely solved by 


due to free electrons. He derived expression for 
the 


degenerate electron gas which although they could 


thermal and electrical conductivities of a 


not be evaluated explicitly give a simple ratio 


A ke 


(15) 


the 
unit charge @ is taken as the charge on the 


€ therefore in equation (14) is 7? 3) when 


electron in e.s.u, units. Equation (15) is known 


as the Wiedemann Franz law and can be used 
to obtain values of the thermal conductivities of 
molten metals from measurements of the electrical 


resistance and temperature alone, 


so 
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lons 


In this case the second equation in (14) may 
be transformed to 
re (16) 
D NPENKT 
where the unit charge in e.s.u. is converted to 
Ne c. 
It is obvious then that «, N/ is the equivalent 
A if NP is the volume of solution 


containing 1 g-equiv. of conductors, 


emu. and replaced the Faraday F 


conductance 
Equation 
(16) may therefore be transformed to 

) 


(17) 
Nk 7 


which is the Nernst Einstein equation for an clec- 
trolyte solution. 

Likewise the third equation in (14) may be 
written 


(18) 


where & has been replaced by VON. This is a 
Walden’s that the 
equivalent conductivity multiplied by the vis 


form of rule which states 
cosity is a constant. The rule holds only in very 
dilute solution and the product varies somewhat 
for different solvents [8]. This can be explained 
if the remaiming / in equation (18) is replaced by 
the ion radius which can vary from solvent to 


solvent due to solvation. 


wish to thank Professor K. G. 
Densicn for helpful comments on this work. 
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Liquid—vapour equilibria and Azeotropic data for acetic acid and toluene 


Havanron 


Courtaulds Limited, Research Laboratories, Coventry 


(First received 


Abstract 


22 October LOGO, in revised form 2 January 1961) 


Liquid vapour equilibria have been determined for acetic acid toluene mixtures, 


from which the composition and boiling pont of the azcotrope were found. The results differ 


from figures published in standard re ference books. 


Resume loauteur determine | eqquilibre 


et trouve la composition ct le 


point debullition de Tazéotrope. 


publies par les ouvrages de references chassiques. 


Zusammenfassung Fur Gemische von 


Gleichgewiehte 
ermittelt wurden 


ab. 


INTRODUCTION 


Tue data published for the azcotrope of acetic 
acid and toluene are contlicting (see Table 1). 
The only published liquid vapour equilibria for 
the two components at atmospheric pressure 


appear to be those of Orumen (Table 1, Ref. 8). 
The author, however, carried out some determina 
differed Othmer’s 
results, but were never published. In view of the 
the 


more accurate ly 


tions im which from 


equilibria have 
Both 
(** Analar 


above-mentioned confusion, 


been redetermined re- 


agents used were analytically pur 
grade ex British Drug Houses Limited), 


APPARATUS AND 


The apparatus used was of the Hands» Norman 
type of equilibrium still (Trans. Inst. Chem. 
Engng. 1945 23 80) Fig. 4. It consisted of a 1 litre 
flask fitted with a jacketed vapour take-off leading 
to a condenser, at the base of which was a two-way 
tap to return condensate to the boiler or take off 
The 


was enclosed in an asbestos screen with only the 


a sample when required, whole apparatus 
thermometer and condensers projecting. 

About 700 ml of a mixture of toluene and acetic 
acid of the approximate composition required 


was added to the boiler and boiled gently with 


essigsiiure-Toluol 


82 


liquide-vapeur des meélanges acide acetique-tolucne, 


Les resultats different de coux 


wurden Dampf-Flissigkeits 


aus denen die Zusammensetzung und der Siedepunkt des Azecotrops 
Dic Erecbnisse weichen von den in Handbiichern veroffentlehten Darstellungen 


After 15 
min the temperature was read and a sample 


the tap set to reevele the condensate, 


of about 10 ml of condensed vapour was collected 
by reversing the tap. The heat was then turned 
off and after cooling, a sample of the boiler 
liquid was withdrawn. Each sample was analysed 
by weighing a suitable quantity into water and 
titrating with standard alkali using phenolphtha- 
lein. The weight and mol per cent acetic acid 
were calculated from the titres. 


Rest LTs 


The results are shown in Table 2 and the values 
plotted in Figs. 1 and 2 together with the values 
published by Orumer and also those obtained by 
1931, The points in Fig. 1 fall 
slightly further from the diagonal than the 1931 


the author in 


values, but the curves cross the diagonal at the 
same point 44-7 mol per cent acetic acid (34-5 wt. 
per cent), Orumer’s curve agrees with the results 
from the Hands—Norman still at the lower end 
but diverges when the liquid contains over 25 mol 
per cent toluene and crosses the diagonal at 
37-5 mole per cent acetic acid. Orumer’s boiling 


point curve as seen in Fig. 2 again diverges as 
the toluene increases in concentration and gives 


a minimum of 100-6° compared with 104-4 obtained 
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Table 1. Published data for the azxeotrope of acetic acid and toluene 


Ref. | Observer Source of Reference wt. % Mol °, b.p. 
1 ZAWIDZKI Z. Phys, Chem. 1900 35 129 (30) . (80) 
2 | G. Rytanp Amer. Chem. J. 1899 22 384; Chem. News (Lond.) | 30 {39-5} 104 at 
| 1908 15 42, 50. 761 mm 
3 GoLopETz Chem. Z. 1913 36 2738, 297, 302. 32 [41-8] | - 
| M. Lecat Azeotropisme. Lamertin, Brussels 1918. 28 37-3 | 105-4 
5 | M. Leeat | Ann. Soe. Sci. Brux, 1928 48 BIT 113. 34 | 44] | 104-95 
6 Havcuwron | Unpublished data (19381). 34-5 4-7 105-4 
7 D. F. U.S. Pat, 2895010 (17.2.41). 38 [48] | 107 
D. F. Orumer Industr. Engng. Chem. 1943 35 614. [28-1] [37-5] 100-6 
” C. O. Haucuron Present publication B45 4-7 104-4 
10 C. O. Haveuron Present publication 34-9 15-1 104-6 
N.B. Figures in brackets are not given in the original references but are inserted for comparison. 
Remarks : 

Ref. 1: Full liquid- vapour equilibrium data are given but at constant temperature of 80°C. (Zawtpskt's apparatus 
is illustrated in Distillation Principles and Processes by 8S. YOUNG, 1922). 

Ref. 2: Ryianp’s values are quoted by S. Youne (Ref. [1]), and also in C. S. Rosinson, Elements of Fractional 
Distillation. 1922). 

Ref. 4: Compositions are erroneously listed by Lecar (Ref. No. 132) as 72°, and 62-7 mol %, acetic acid instead of 
toluene. This error is repeated in International Critical Tables Vol. Il, 319, and also in W. H. Perry's 
Chemical Engineers’ Handbook 1953. But the corrected figure “ 28°, acetic acid at 105-4 °C” is quoted 
(presumably from this source) by Doourrrie in The Technology of Solvents and Plasticizers 1954. 

Ref. 5: This value for the azeotrope composition published later by Lecar is very different from the previous value. 
It is quoted in Horsiey’s “ original table of azeotropes,”’ Analyt. Chem. 1947, and also in MarspEN’s Solvents 
Manual, 1954. 

Ref. 6: Full liquid-vapour equilibria were determined by Zawtpskt’s method, but at atmospheric pressure. (See 
Figs. 1 and 2). 

Ref. 7 The source of this data is not mentioned in Orumer’s patent. 

Ref. 8: The figures inserted in this reference are obtained by plotting Orumenr’s values for liquid-vapour equilibria 
(see Fig. 1) and reading off the point of intersection with the diagonal. The boiling point is given by the 
minimum on the curve (Fig. 2). The value 28-1°, acetic acid at 100-6°C is given in HlorsLey’s revised tables 
of Azeotropic Data published by the American Chemical Society 1952. 

G. GLAxToN on the other hand in his recent book’ Physical and Azeotropic Data, published by the National 
Benzole and Allied Products Association 1958, gives 72-5°%, toluene (i.e. 37-5% acetic acid as the azeotrope 
composition). His reference is to Horstry’s tables but he erroneously transposes mole °, to wt. %. 

Ref. 9: From revised liquid-equilibrium values. (See Figs. 1 and 2). 

Ref. 10: Azeotropic data by fractional distillation. 


with the Hands Norman still. The curve obtained 
in 1931 gives values about 1 °C higher than the 
latter but there was probably some super-heating 
in the apparatus used, 

The results have been tested for thermody- 
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namie consistency by the method of Repiicn and 
Kistrer (ndustr. Engng. Chem. 40 341 (1948). The 
slope factor S was calculated on the assumption that 
P, =p, and P, = p,, the relationship log pt/ 
being constant over tho range used, ie. 0-0124 
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Table 2. 


Liquid vapour equilibria of acetic acid and toluene 


Wt acetic acid Mol fraction toluene dy dt 
Pressure Temperature 1 
(mm Hg) Liquid apour y Obs. Cale. 

755 lisa 0 a5 

70 55 0-008 28 w5 

a4 | a 26 is 

c. 750 92-2 0-053 0-163 35 a4 

750 72-8 O-105 MM a4 3°23 

108-8 | O-253 2s B12 

70 107-6 80-7 O14 25 23 270 
742 728 O14 18 22 
105-6 65-8 47-7 0-253 0-418 16 2) 218 
re yi wil 0-428 7 " 
742 32-8 33-6 571 0-565 Os 
7 106 22:7 26 7 
105-8 25:2 O745 0-650 O655 
740 147 23-4 15 0-000 
7A 16-8 13 23 0420 
755 Nil Nil 1000 1-000 

*Corrected to 760 mm 


The value 
O to 35 at 


for toluene and 0-0149 for acetic acid. 
of S thus found ranged from 29 at 2 


vapour curve dy df are given in Table 2 alongside 


The caleulated values for the slope of the 


of the observed slopes obtained by drawing a 
smooth curve through the experimental pots. 
It is seen that the experimental slopes are steeper 
than the 


but are 


caleulated ones for low values of ¥. 
than the 
The 


less caleulated ones for high 


values of y. relative volatilities (x) are also 
given in Tabl 


Aveorrore Dara 


the 


distilling through a 


The 


azeot 


composition boiling pomt of 
checked by 
small fractionating column a series of mixtures of 


acetic acid and toluene of compositions close to 


that of the azeotrope, and analysing the boiler 
liquid and distillate. The differences between the 
boiler and distillate compositions when plotted 
graphically against the boiler composition indi- 
cated that the azeotrope contained 34-9 per cent 
acetic acid (45-1 mol cent). It boiled at 

It is that 


accurate than those obtained from Figs. 1 and 2. 


per 


believed these values are more 


They are in fair agreement with Lecat’s revised 
figures. (Table 1, Ref. 5). The wide discrepancy 


in Orumer’s data suggests that one of the 
components used in his laboratory (probably 


toluene) was an impure sample which, as he states 
“no attempt was made to purify.” 


icknowledgements— Thanks are due to the Directors of 


Courtaulds Limited for permission to publish this paper. 


VOL 
16 
196 


1962 


Chemical Engineering Science, 1961, Vol. 16, pp. 87 to 96. Pergamon Press Lid., London. Printed in Great Britain. 


The concept of available energy 


Ricenarp A. Gacetou 


Department of Mechanical Engineering, University of Wisconsin, U.S.A. 
(Received 24 August 1960) 


Abstract) The primary objectives of this paper are 


(i) To present an available energy balance reflecting the Second Law of Thermodynamics 
to complement the macroscopic balances of Bian which are dictated by conservation of mass, 
the laws of motion and the First Law of Thermodynamics. 

(ii) ‘To develop an equation which relates the loss of available energy to the entropy 
production, 

(iii) To point out that the dead state (the state of zero available energy) is a variable for 
the open svstem 


The equations are valid, in general, for chemically reacting or non-reacting svstems, with or 
without diffusion. Although the potential energy term implies like conservative body forces 
on each constituent the equations can be extended to include unlike and or time-dependent 
body forees ; this is accomplished with the generalized definition of potential energy presented 
earlier first footnote). 


Résumé Le but de cet article est: 

(i) De presenter un bilan énergétique valable rendant compte du 2éme principe de la 
thermodyvnamique pour compléter les bilans macroscopiques de Biro qui sont imposes par la loi 
de conservation de la masse, les lois dela cinétique et le premier principe de la thermodynamique 

(ii) De déevelopper une équation qui relie les pertes d’énergie utilisables a la variation 
(entropic. 

(iii) De mettre en évidence que létat de référence (état zéro de Vénergic utilisable) est 
une variable pour un systéme ouvert. 


Les équations sont valables, en général, pour ces systémes de réactions chimiques ou pour 
des systemes non réagissant, avec ou sans diffusion. Bien que le terme dénergic potentielle 
implique la conservation des liaisons internes de chaque constituant les équations peuvent étre 
étendues au cas de liaisons internes variables et fonctions du temps ; ceci peut étre réalisé en 
considérant que les variations dans énergie des champs de force résultant de variations intéricures 
au systéme, sont provoquées par le travail fourni par le systéme plutoét que par des variations 
de son énergic ! otentielle, Les développem nts sont en outre limites aux cas ot la concentration 
de masse est une hypothése valable. Ainsi les équations ne sont généralement pas valables pour 
des systémes comportant des réactions nucléaires ; mais pratiquement, les écarts vis a vis de la 
conservation de la masse peuvent étre suflisamment faibles pour que, énergie apportée par de 
telles reactions puisse étre considéré comme une source de chaleur pQ, (a, y, 2, (1) et cette contri- 
bution peut étre incluse dans les équations développeées ici (il suflira d'ajouter un terme). 


Zusammenfassung — Dic wichtigsten Gegenstiinde dieser Arbeit sind: 


(i) Die Angabe ciner verfiigbaren :nergiebilanz beziiglich des zweiten Satzes der Thermo- 
dynamik zur Erginzung der makroskopischen Bilanzen von Birp, welche auf der Erhaltung 
der Masse, den Gesetzen der Bewegung und dem ersten Satz der Thermodynamik beruhen. 

(ii) Die Entwicklung eciner Gleichung, welche den Verlust an verfiigbarer Energie zur 
Entropieproduktion in Beziehung setzt. 

(iii) Die Betonung, dass der “* Nullzustand © (der Zustand, bei dem die verfiigbare Energie 
gleich Null ist) eine Variable fiir das offene System ist 


Die Gleichungen sind allgemein giltig fiir chemisch reagierende und nicht reagicrende Systeme 
mit und ohne Diffusion. Obwohl die Potential-energie-Terme die Massenerhaltungskriifte jeder 
Komponenten cinschliessen, konnen die Gleichungen erweitert werden, so dass sic ungleiche 
und oder zeitabhingige Massenkriifte cinschliessen ; das ist erfiillt durch die Betrachtung, dass 
cine Veriinderung der Kraftfelder, die aus Aenderungen innerhalb des Systems herriihrt, mehr 
durch Arbeit: verursacht wird, die das System leistet, als durch Aenderung seiner potentiellen 
Knergic. Die Ableitungen sind beschriinkt auf die Fille, bei denen die Massenerhaltung (Kon- 
tinuitiitsgleichung) cine giltige Annahme darstellt. Damit sind die Gleichungen nicht allgemein 
gultig fiir Systeme mit Kernreaktionen ; praktisch sind die Abweichungen von der Massenerhaltung 
aber so klein, dass die zusiitliche Energie durch solche Reaktionen als Wiirmequelle pQn (2, y, 2, t) 
betrachtet werden kann und dieser Beitrag in die hier entwickelten Gleichungen (durch einfache 
Addition cines Termes) cingeschlossen werden kann. 


S7 


Rin arp 


AVAILABLE energy has been a subject somewhat 
neglected by the chemical engineer with but 
secant references to be found in his) textbooks, 
although it was Werner and York [1] whe 
pomted out vears ago the utility of the con 
cept for establishing ao rational eflieieney for 
the heat exchanwer General expressions for 
the macroscopic mass, momentum and energy 
balances have been developed bey Binp Pak 


as well as Bernoulh equations tor the viscous 


of But 


a degradation and wot a complete loss 


friction a since trietion rs 


prem css 
f available 


energy Thberoscopic available energy balance is 


also required to complete the study of the en 
gineering problem; this balance allows the en 
wineer to analyse rationally the effectiveness ot 


the process mm vielding the desired result. 


Tue Enescy 


ot is detined 3) 


AS the marimum useful (net) mork which could lu 


The available energy a svstem 
cnclosed 


the 


obtained hy bringing fhe sustem (wh 


allowed to co 


rounding atmosphere) to its dead state 


and only min 
its equili 
brium state at the te mperature and pressure of the 


Ty. the 


( onsicle r 


For tixed p, and avatlable 


atmos phe 


energy is a property reversible 


processes from the state (7. S) to the dead state. 
that all heat 


made by a reversible evcle operating between the 


and such exchanges aur ideally 


temperature of the process and the ambient tem 
the 


maximum useful work obtainable solely as a result 


perature. The available energy at state 

of bringing the system to the dead state — ts equal 
to the useful work of any such reversibl process 
but 


plus that of the evele, and this work can hav 
Otherwise. it 


a complete evele, to produce no effect except 


one value. would possible, 
the production of work and the extraction of heat 


from the atmosphere. 


To evaluate the available energy select the 
following reversible processes (which require no 
auxihary eyele for heat exchange with the 


atmosphere): (i) an isentropic to 7). and (ii) an 


isothermal from S to Sy. Then the total useful 


work is 


\. 


SS 


Gagan 


a— AW, = 4Q— AU — AK — A@ 
Uipy 


The reader might wish to verify. sav by consider 


ing areas on a p y diagram, that this quantity 


is never negative: @ 0 only at the dead state, 
at all other states a 0 (whether or not 7' Ze 
and or p Po). 
3% Tue Deap Srari 
The dead state is detined as th equilibrium 


state at p, and 7, for the contents of the system. 

Let .1 represent any extensive property. For a 
specitied closed system the value of the property 
at the dead state, .1 
in the temperature and pressure of the atmosphere 
Kor 
Ay is not nece ssarily constant since the components 
within the system may chang kor 
14-7 Ty 520 BR) 
an open system at time ¢, may contain stoiheio 
the dead state 


» is constant (unless variations 


are considered). an open system, however, 


with time. 


example (with say, py 


metric quantities of H, and O,; 
at that corresponding 
essentially to pure water. The at 
f, may contain H, with an excess of O, 


the dead state at this instant would be essentially 


this instant would be 


same system 


time 


that with the excess oxygen gas over the water. 
Thus, the value of lg may vary with time if the 


composition of the system varies : 


A Ay (M, (0, Ma (0, .... ) = A, (t) (2) 


0 
The partial specific values of A, are detined in 


the usual manner: 


4. AVAILABILITY 


The availability of work is defined as the net 
decrease in available ene rey of a reversible syste m 
the 
definition it follows immediately that the avail 


sole ly as the result of work erchange. From 


ability of work is equal to the work itself, less 
that required to push aside the atmosphere : 


a, (t) = W(t) — (t) — ¥ (0)] (4) 


VOL 

16 
196: 

1; (t) (3) 

|| 
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Differentiating, 


Po y (Sa) 


The work can be divided into two parts: that 


done on the boundary (1) by pressure, 


| [pey-njdy 


and (it) by shear stresses, 


| [( Se) 
So, 
| [ip Pe) wy) n\ dy (Sb) 
g 


Paralleling the foregoing detinition., the avail 
ability of heat is equal to the net change in available 
energy of a reversible system sole ly as the result of 
heat exchange. To evaluate the availability of heat 
consider reversible closed system with heat 
then the 


change in available energy of the system equals 


exchange but without work exchange ; 


the availability of heat transfer, or 
ig=ad=U+K+0+4 —T,S 
With the First Law 


ig= Q— T,S},., = 


T)| (6) 
Equation (6) shows that the availability of heat 
is dependent solely upon the quantity of heat 
and its temperature of exchange. And also, it 


shows that ay corresponds to the maximum work 


of a evcle between T and Ty (and this conclusion 
is the usual definition of the availability of heat ; 
see Dover | 4), for example). 
The availability of heat flux is equal to 
—(T, T)] (7) 
The availability of flow energy is defined as the 
change in available energy of a reversible system 
because of bulk mass flow across the boundary, 
because of the mass-average velocity [5] relative 
to the boundary. This quantity could be directly 
derived, but since it evolves nicely in Section 6, 


it is evaluated there (equation 10). 


The availability of diffusional energy transfer is 
defined as the net change in available energy of a 
reversible system because of diffusional mass 
transfer across its boundary (diffusion relative to 
the mass-average motion at the boundary). This 
quantity can be evaluated by considering the 
reversible change in available energy of a workless 
adiabatic system with diffusion (but no net mass 
transport) across its boundary. Hirscure per 
et al. [6) show that the energy flux coincident 


with diffusion is equal to 
and, also, that the entropy flux with diffusion is 


Sq Pj v; (9) 


where v; u, vis the velocity of constituent 


j relative to the mass-average velocity v: the 


diffusion velocity [5]. 


Hence 
| p; n) dS (a) 


T,4 ve | (v;-n) dy (b) 


Since the system is workless its volume must 
remain constant lest there be work done by 


pressure and shear stresses on the boundary : 
Po 0 (c) 
Also, with equation (3) 
H, — 
(My; 


Soi) | pj (vj) a) (d) 


Combination of (a) through (d) yields the rate of 
change of available energy of this reversible 
workless adiabatic system, because of diffusion 
across its boundary : 
| (8; — 8; — Hy 


[ (a, (10) 


(v;° n)| df 
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Thus, the availability of diffusional energy thax ts 


given by 
(HM, T,5; — (11) 


The various availabilities detined above account 
for the change in available energy of a reversible 
system because of transports across the system 
of work, heat, and mass 


boundary because 


transfer. 


Tue Diererenriat Avatar 


Enercy 


The loss of available energy within a system 


can be detined by the available energy balance : 


{Rate of available energy | 


jloss within the system} 


{Rate of increase of available energy) 


jin the system if it were reversible| 


{Actual rate of increase of | 12) 
(12 
javailable energy within the system | 


First, consider any system comendent with the 
7 moves with the local 


Were the 


system reversible the change in available energy 


volume 7, whose surface 


mass-average velocity wv (a. y, 2, f). 


would equal the sum of the availabilities of the 


heat, work and the diffusional energy transfer : 


{Net rate of increase for | 


|hypothetical reversible system 


| — 8; — Ho; + Ty 


(p, iy (13a) 


or, with equation (5b), vy, — wv and the divergence 


theorems, 


| 


|hvpothetical reversible system} 


{Net rate of increase for 


Ty yy (e T) 
Lig (Bp, — Bay (18b) 


Since the system boundary moves with the local 


mass-average velocity | Appendix, equation (A.3) }, 


j Actual rate of increase | | Da ly 14) 
: 
jof available energy — | "pt 

By definition 
{Rate of loss of | | ; 

pi dy (15 
javailable energy in ¥ | 


upon substituting equations (13), (14) and (15) 
into equation (12) 


| (T, T) le Poy 
; VOL, 
| 16 
196: 
| B, (p; n)| a (lGa) 
, | pi dy 


°(¢° 
dy (16b) 
Then, letting the size of this arbitrary system 
approach zero about the point (a, y, 2). 
pt (a, 2, t) 
pe—v-(r-e) 
ve Tov T) 
p Dé (17a) 
Dt 


Kquation (17a) is a differential available energy 
balance — the equation of change of available energy. 
The significance of each term in the equation is 
indicated in the foregoing analysis. Equation 
(17a) can be put into a form which is more readily 


applied to open systems by rewriting the Stokes 


The concept of available energy 


derivative term, p (D @/ Dt), according to equation 
(A.2) of the Appendix ; thus, 


pt Vipe— + mye 
—V'e+ :(¢/T) 
— B, pj By v %) 
6. Tur Macroscoric 


BaLance 
Consider a system with boundary moving at 
the velocity (which is not necessarily equal to wv). 


VOL. Upon integrating equation (17b) and applying 


16 
1962 


the divergence theorems 


J Q 4 | (T, 


| (B, — (p; dy 


. 


| (p di) 
ot 


ly — | (pdv-n)dy 


Now, by adding and subtracting the quantity 
| pa(v,-n)dy 


. 


j | Po) vy 4 (7+ vy)] nds), 


utilizing equation (Sb) and the three-dimensional 
Leibniz theorem, and rearranging, the macroscopic 
available energy balance is obtained : 


Pot 
(4) (ai) 
| [pd (v — vy) n] 


| (B; (p; df —a@ (18) 
(w) 
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where, by definition, 


p p p(v vy) 
tT’ (wv 
n Tr, 8 19 
pie 0 9) (19) 


Inspection of equation (18) for the reversible case 
(# 0) reveals that dy is the increase of available 
as a result of bulk mass flow across the 


the ai ailability of flow 


energy 
boundary of the system 


energy — per unit mass, 


The macroscopic available energy balance of 
equation (18) complements the macroscopic mass, 


momentum, energy and Bernoulli (mechanical 


energy) balances of Binw [2]*.  Reiterating, 
physical significance can be laid to each group of 
terms in equation (18). The rate of available 


energy loss within the system equals the net 
available energy added to the system due to 
transfers across the system boundary of (i) heat, 
(ii) work, (ii) bulk mass tlow and (iv) diffusion 
at the boundary, less (v) the actual rate of avail- 
able energy increase within the system. Solutions 
to this equation, of course, depend upon the 
process and therefore present problems of varying 
complexity, For most practical problems various 
parts of the equation are negligible and simplified 
Kor a closed system, 


forms can be obtained. 


equation (18) (or equation 16a) becomes 


(T,/T)(e-n) df 
y W — system (20) 
Integrating with respect to time 
Ay Jit At) — # (t) 
AQ + | | (T/T) dv at 
— system (21) 


For a steady-flow system with one flow stream 
that the 


constant across 


thermo- 
the 


and no diffusion, and such 


dynamic properties are 


*The enginecring Bernoulli balance, which was presented 
in a restricted form in Ref. [2], is generalized in Ref [7]. 
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entrance and equation (18) vields (upon 
dividing by the mass flow rate J) 


eo 
aul ent uly flow (22) 


in which ¢ is the loss of available energy within 


the system per unit of mass flow. For more than 


one tlow stream 
(T, T)(e-n)dy 
The summation is over the flow boundaries of 


net mass tlow trate the svstem 


is the 
and d, is the specific availability of flow energy, 


the svstem 


at the given tlow boundary (the shear component 


of is usually neglected). 


7. AVAILABLE-ENERGY Loss, Enrrory 


Propucrion Friction 


The concepts of loss of available ene rou. ¢ ntropy 


production and friction are oby ously related 

each retleets the Second Law of Thermodynamics. 
However, an accounting of availabl energy 
evaluates the actual loss of a process, and allows 
a rational efliciency to be detined for any process. 
Of course, evaluation of the entropy production 
the irreversibility of 


difficulty of 


vields information about 
the But the 
physical significance to entropy makes it hard to 


system. ascribing 
see what the actual loss from. irre versibility is. 
It is possible, though. to relate the loss of available 
For the 


general system of equation (18) the ene rey balance 


energy and the entropy production. 
required by the First Law of Thermodynamies 
vields 6) 


| p Ey (e 


vy) n|ds 


where E, is the specitic flow energy, given by 


p(v 


\. 


Upon substituting equation (24) into (18), then 
with equations (19), (25) and (1), 


| (T, T)(e-n)dy Pot 
| p (a, Ey) vy) n|dy 
py | (BU, By,) (pj; 


a A b 


| (Ty poy 
T, | pS[(e 
| p (A, Ty So) vy) 
tee | ppv, nds 


T, Hy T, So) (f) 
With equation (3) 
pj vy) nds 


Py | (Hg; — Ty Sg) — wy) nds 


. 


(1, Soj) (pj df 


But it is a general characteristic of partial specitic 
quantities [4] that 2p; 4; — hence 


| 


. 


| (Mo, Ty Soj) (p; vj (g) 


Hy Ty So Ty So)(v — vy) nds 


Substituting equation (g) into (f) 
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2 | B,. n dy Pot 
| 
= 
. | 
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vy) n|dy 
(26) 
x 
This ts the general macroscopic equation relating 
the the 
production. Thus, the loss rate ¢ qquals the entropy 
(the the 


system S minus the net entropy llow into the 


available energy to entropy 


loss of 


production net entropy imerease of 
system accompanying heat and mass flow) multi 
plied by the temperature of the surroundings, 7. 
tha 


manner as equation (18) for the closed system 


Equation (26) can be reduced in same 


and particular steady-llow systems. These simpli 
lied forms, along with equations (21) and (22) can 
he found in the texts of Svurru and Van Ness [S| 
Keenan [3], and Onrer [9], with examples which 
illustrate their utility. [10, 9] applies the 
First the 
equations presented here an availability account 
For the 


Law to non-steady problems ; with 


be made on such problems. 
isolated (or closed adiabatic) svstem 


(27) 


JI 


isolated system 


Thus, for a reversible process 4 0, and for an 
ve rsible process 
It is differential 


available 


interest to obtain 
the 


energy and the local entropy production. 


also of 


expressions relating local loss of 
\pply 
equation (26) to ANY system whose boundary 
travels with the local mass-average velocity ; 
then, with equation (A.3) (Appendix), with the 
divergence theorem and letting the size of the 
arbitrary system approach zero about the point 


=) 


pi (a, =, 0) 


Ds € Tic » 
Then, with equation (A.2) 
° d(p 8) 


Ly pS) 4 v-(5)| (29) 


9 


et al. (6) shows that the quantity 
in brackets in equations (28) and (29) is equal to 
the 


local volume rate of entropy production at 
pana 


that pr. the volume loss rate of available cnerey, 


Thus equation (28) or (29) shows 


equals 7, times the local « ntropy production per 


unit volume and unit time: 


a= Tig (30) 


This latter quantity, g, can be analysed into the 
contributions from each cause of irreversibility 
On the 


leading to ¢ quations (28) and (29), it is not obvious 


[4]. other hand, without the derivation 
that the available en rey loss is equal to the pro 
duct of entropy production and the dead-state 
temperature, 

The frietion of a process ts equal to the difference 
between the work of a reversible process which 
the the 


process, and the work of the actual process f 9]. 


traverses same series of states as real 
It can be proved [7] that the local volume rate 
of friction is equal to the product of the entropy 


production and the local temperature : 


pf Tg (31) 


Kquations (30) and (31) show that the friction. a 
identical to the available 
(Ze T)| is avail- 
able (hence friction is often termed a “ heating 
effect So. if T 


is nota complet loss of available energy ; 


degradation, is not 


energy loss ; the portion | | l 
T,. the frictional degradation 
part 
could be regained as work. This point is illustrated 
by the following example : Consider the process 
of piping hot 
650 KR to an elevation of 10 ft. Let py — p, Pe 

14-7 7, = 650 °R, T, = 540 °R, 
vs 10 ft see, H 25-1 ft Ib, lb,,. From the 


energy equation the heat removed is 


water from a large reservoir at 


Ad — 12 ft lb, Ib 


m* 


The entropy production in this isothermal steady 
system is equal to the net entropy flow from the 
system 

OT 0-0185 ft-lb, (Ib,,)(R). 


m 
The viscous friction can be evaluated [7] with the 


engineering Bernoulli presented by 


Birp [2. 5] : 


equation 


Chem. Engng. Sci. Vol. 16, Nos. 1 and 2 December, 1961. 


Rienarp A. 


Ad b 


The available energy loss can be calculated with 


equation (26): 


T,(9/T) 10 ft Ib, Th,, 


and /, 


The difference between BE 
useful work obtainable if the heat given off at 
T — 650 KR were reversibly taken to T, through 
a Carnot cycle. 
consider the same physical problem, but for 
this 


Is equal to the 


\s a second example one could 


adiabatic rather than isothermal flow ; in 


case the exit temperature would be greater than 
650 “R, and the quantity (F, /.) equals the 
useful work obtainable if the fluid at the exit 
state were reversibly brought to the thermostatic 
state [9] at p, and 7), while its kinetic and poten 
maintained equal to those 


tial are 


at the enit. 
Some authors have called the quantity E, * the 


energies 


mechanical energy * lost * by conversion to thermal 


energy (ie.; energy degradation by viscous 
dissipation). They also refer to E. as “ the 
unrecoverable loss in mechanical energy.” These 


statements might perplex the student because 


it ws possible to recover mechanical energy, of 


(and note the 
consequences when T T,). 

Of course. in the actual sequence of processes 
advantage might not be taken of the availability 
(zk, In this case the friction of the system 


is equal to the loss of available energy within the 


maximum amount ‘ 


system plus that lost outside the system by not 


t 


utilizing (F, 

Paraphrasing the words of Onexr (9}: The 
true test of how eflicient a system ts operating ts 
to examine how close reversibility is approached ; 
efliciencies the First Law give 
indication of this. “ A better gauge of efficiency 
(one which indicates the approach to reversibility) 
is to measure the ratio of the available energy 


no 


based on 


changes which occur . . . because of a 


process.”” Thus, a criterion of performance (quite 
independent of First Law efliciencies) is called 


the effectiveness* and detined 


*Name suggested by KEENAN. 


oF 


linerease in available energy | 
(32) 
decrease in available energy | 

The effectiveness is useful for any process. In 
the above example of the isothermal hot water 


pumping system 


Q(T,/T) Ad, 
For the adiabatic system 
Ad, |\W| =(\W| — #,)/|WI. 


For a heat exchanger Werner and York [1] 
proposed the effectiveness 


J Ady |neated stream 
Jd Ad; |neating stream 


Thus, even though friction, entropy production 
and loss of available energy are all valid measures 
of the imperfection of a process, it appears that 
available energy has advantages in certain res- 
pects 

(i) The friction does not account for the “reheat” 
effect. It does not give the system credit for the 
availability of the thermal energy obtained by 
degradation of the forms of 
also, even if advantage is not taken of 


more valuable 
energy ; 
the “reheat the friction does not properly 
locate the actual loss. 

The entropy 
locate irreversibilities, but it is difficult to ascribe 


production does properly 


physical significance to the entropy. 

(iii) The concept of available energy allows a 
rational eflicieney, applicable to all processes, to 
he defined. It is for these reasons that an available 
energy balance (equation 18) is advocated to 
complement the macroscopic balances of Biro. 
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APPENDIX 
The Stokes derivative of the function A A (x, y, 2, 0) is 
detined 
oA 
DA (A.1) 
mnt M 


The concept of available energy 


This is the derivative of the function 


Aw 


A (x (), 2 (0), 0) 


for the case when « (f), y(t), and 2(f) are the location of 
an observer travelling with the local mass-average velocity. 


DA dA 


p 
M 


With the equation of continuity )o/M 4+ —¢- pw = 0 
- dp 
tA- Ag:pw + 
A) ry 
pAv (A.2) 
ot 


Integrating equation (A.2) over the volume of a system 


whose boundary moves with vy, — wv. 


then applying the 


divergence theorem and the three-dimensional Leibnitz 


theorem 
- 
p D. dy 


ait 
G (x, y, 


dy (2, y, 2, 
(t) 


ag (t) 
a, y, 2, t) 
(4, 4, =, 0) 
Bit 
Bix, y, = 0) 


E(t) 


0) 
By (a, 20) 


E,, (t) 
E 


¥, t) 


| piv nay 


(pA) 
(A.3) 


NOTATION 


available energy within system at time { 


specific available energy at the point 
(x, y, =) and time 

specific availability of flow energy 
availability of work transferred across 


system boundary from time zero to ¢ 
availability of heat transferred across 
system boundary from time zero to t 
availability of diffusional flux 
(7, y, z) and 

availability of heat flux at (7, y, and 


energy 


H—T,S 
U + K + @ = total energy contained in 


system at time ¢ 

0+ 

specific flow energy at the point (x, y, 2) 
at time 

viscous friction within system from time 
zero 

viscous friction rate per unit mass flow 
through steady system 


= diffusional energy flux at (a, y, 2, ) 


effectiveness 

body force on jth consitituent 

total friction within system from time zero 
local friction rate (per unit mass) 

local rate of entropy production per unit 
volume and unit time 


95 


H(t) 
Al (x, y, z, 


i (a, y, 2, 


p(t, y, 


84 4, 0) 


W,, (t) 
W(t) 

¥.2 

(z, 2, t) 
A(t) 

A (7, 4.2%, 0 
p(x, y, 0) 
T(z, y, 
(t) 

(z, z, 0) 


Subscripts 


0 
d 
rev 


enthalpy contained in system 
specific enthalpy 


of available within 


system 


loss energy 
from time zero 

viscous loss of available energy rate per 
unit of mass flow through a steady system 
local rate of available energy loss (per 
unit mass) 

mass flow rate for steady system 

kinetic energy contained in system 
specific kinetic energy 

total mass contained in system 

unit vector normal to surface of system 
(pointing outward) 

pressure 

heat transferred across system boundary 
from time zero 

entropy contained in system 

specific entropy 
diffusional entropy flux 

surface of system 

temperature 

time 

internal energy contained in system 
specific internal energy 

velocity of j-th constituent 


(l/p) 


Mass-average velocity 


diffusion velocity = — v 

velocity of system boundary (surface) 
volume of svstem 

work transferred across system boundary 
from time zero 

work rate per unit mass flow through 
steady system 

work done by pressure forces 

useful work 

work done by shear stresses 

fixed space co-ordinates 

thermal energy flux 

general quantity contained in system 
general quantity at (7, y, 2, ¢) 

density = 2 p; 

density of j-th constituent 

shear stress tensor 

potential energy contained in system 
specific potential energy 


value for j-th constituent 

value at dead state 

quantity associated with diffusion 
reversible system 


Marks above symbols 


Chem, 


Engng. Sci. 


partial specific quantity 


= derivative with respect to time 
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Jd 

K (t) 

R (x, y, zt) 

M(t) 

t 
VOL. Q (t) 
16 S(t) 
196? 4 
S(ay, 
Sf 
T (a, y, 
ay | v 
Ut) 
(a, y, 2.0) 
a; (2, 8) 
v; (2, ¥, 2, t) 
y (ft) 
W(t) 
j 
= 


= 


A. 
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Approximations to residence time distributions in mixing systems and 
some applications thereof 


R. M. DeBaun S. Karz 
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(Received 20 December 1960) 
Abstract— Residence time distributions for a class of mixing systems are approximated in 
terms of the probability distributions of the 2° statistics. The x* approximation is used to solve 
certain problems of transient analysis, and of the smoothing of random inlet concentration 
fluctuations. Some of these results are related to various design criteria. 


Résumeé-—Les distributions de temps de séjour pour certains systémes mélangeurs suivent 


approximativement la loi statistique du 2°. L’approximation du x? est utilisée pour résoudre 


VOL, certains problémes d’analyse transitoire et de laténuation des fluctuations aléatoires de con- 
16 centrations a Tentrée. Certains de ces résultats sont trés voisins de critéres employés dans des 
1962 problémes variés. 


Die Verweilzeitverteilung fiir eine Klasse von Mischsystemen werden 
der x*-Statistik. 
Wahrscheinlickheit wird benutzt, um gewisse Probleme der Ubergangsanalyse zu lésen und um 


Zusammenfassung 


angenihert ausgedriickt durch Wahrscheinlichkeitsverteilungen Die x*- 


Schwankungen der Zulaufkonzentration auszugleichen. Einige dieser Ergebnisse werden mit 


Kriterien der Auslegung in Beziehung gesetzt. 


INrropUcTION 


Resipence time distributions for more or tess 


complicated mixing systems are the subject of 


continuing study, both experimental and theore- 
tical [1-5]. 
although on somewhat equivocal grounds [6}, 


They are, of course, widely used, 


for analysing the behaviour of reactor systems. This 


apart, however, they have an unambiguous place 


in studying the time dependent performance of 


mixing systems. Indeed, the differential residence 
time distribution is just the response of the system 
to an infinitely sharp spike of tracer of unit 
intensity (a Dirac delta function [7]}) in the inlet 
stream. 

The use of the residence time distribution in 
investigations of the strictly transient behaviour 
Thus the 


engineer in studying a purge cycle can determine 


of a mixing system is well known. 


the rate of approach of the system to a new steady 
state from the cumulative distribution of residence 
times. In investigating the reaction of the system 
to a momentary disturbance in one of its inputs 
he can describe the spreading-out in time of this 
momentary disturbance in terms of the differen- 
tial distribution of residence times. 

The time distributions in 


use of residence 


= 


working out the behaviour of various systems 
from the kinetic point of view has also been 
exemplified [8], 

Perhaps not so familiar is the use of the re- 
sidence time distribution in a solution of design 
problems which involve the smoothing charac- 
teristics of mixing tanks. Here the designer, by 
anticipating the statistical structure of the inlet 
disturbance to be smoothed, can proceed directly 
to a knowledge of the statistics of the outlet 
stream in terms of the residence time distribution 
of the mixing system. 

The present paper aims at presenting unified 
enginecring methods of solution to both these 
broad classes of problems, based on a standard 
approximation to the residence time distribution 
of quite general mixing systems. This standard 
distribution is that of a2? which is extensively 
tabulated. Section H 
distribution, in the form in which it will be used 


below describes the x? 


here. Section HI gives the mathematical form 
of the residence time distribution for perfect 
mixers and for a one-dimensional diffusive system. 
Section IV 


sidence times in cascades of the simple mixers 


shows how the distribution of re- 


considered in Section IIT may be approximated 
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by 2. Section V shows how an empirical distribu- 


tion such as might be obtained from a_ tracer 


experiment may be approximated by a 4? distri- 
bution. Section VI discusses questions of transient 
analysis of mixing systems in terms of the 2? 
distribution, and criteria for 


presents design 


analysing the response to a sharp momentary 


disturbance (delta function) and to a step dis- 


turbance. Section VIL gives an approximate 
solution in terms of the 2? distribution to the 
problem of smoothing random concentration 


fluctuations where the inlet disturbance is taken 
to be a Markov process. 


The random variable xf (f/f degrees of freedom) 


Tue a® Disrrinurion 

is detined as the sum of the squares of { indepen- 
dent Gaussian random variables, each with zero 
mean and unit variance. We shall be concerned 
here with multiples of 2°, which we take in the 
form 4 @ In what follows, x,,? will be 
interpreted as the residence time in a cascade of 


n stirred vessels, cach of nominal residence time 


?. This random variable has the probability 
density 
(t exp t @) 
K (t) pt 0 
(n @ 
i.e. 
| 
Prob. — < dt) A(t), t>0 
Since A(t) is a probability distribution its 
integral over-all is unity 
K (t) dt l 
The mean and variance of | @ 2,,% may be 
computed directly from its distribution 
mean | t K (t) dt ne (2) 
variance | K (t) dt (3) 


as well as its (complex) moment generating 
function (Fourier transformation) 


exp ( 


i Ow)" 


iwt) K (t) dt (4) 


(1 

The probability density A (¢) can, of course, 
be readily calculated with the help of standard 
tables of the elementary functions. Its indefinite 
integral, the cumulative distribution function, is 
tabulated in most statistical texts. Perhaps the 
most extensive tables may be found in [9] which 


tabulates 
v) 
(y exp(— 2)r(v 2 (5) 
x’ 
and in [10] which tabulates 
uyipol) 
1 . 
(u, p) - (6) 
»! 
In terms of these quantities 
2r 0) 
K (t) dt (7) 
J 2n 


z 


K (1) dt 


These relations may be found helpful in using the 
cited tables. 


Time Disrriputrions 
or MIxers 


RESIDENCE 
CASCADES 


FOR 


In preparation for assembling the residence 
time distribution of a cascade we begin by re- 
capitulating the development of the residence 
time distribution for a single perfect mixer and 
for a one-dimensional diffuser. 

Suppose a perfectly stirred vessel of volume 
I ft® is continuously fed and depleted by a stream 
of ft® sec. At time t 
the inlet stream with a sharp pulse of tracer of 
unit intensity [a Dirae delta function 5 (t)]. 
Then A (t), the tracer concentration as a function 


0 (sec) imagine we charge 
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of time in the vessel and in the effluent, is deter- 
mined by the differential material balance 


_dk 


Viditt & 0 
dt K] J 


The effluent concentration A is just the 
the 
(complex) moment generating function may be 


residence time distribution in mixer. Its 
determined by applying transformation methods 
to the differential equation above, and is found 
VQ 


The residence time 


to be in the form (4) with n 1, where 0 
is the nominal residence time. 
is accordingly distributed just as @ which 
is to say that it has the familiar exponential form 
1 @ exp ( 
The mean residence time is just the nominal 


t @) corresponding to (1) with » # 


residence time @, and the variance of the residence 
times is @?. 

Consider now a one-dimensional (longitudinal) 
diffusive system, with longitudinal co-ordinate 


wv (ft) measured from x 0 at the inlet to x i 


at the outlet. Let the vessel have cross-sectional 
area Aft®, Let the process gas (assumed in- 
compressible ) be fed at Qft® sec, so that it has 
superticial velocity Vo- Q Aft sec. Let the 
diffusivity of the system be Dft® see. At time 
t— 0 (sec), charge the inlet stream with a delta 
function of tracer. Then e(a,t), the tracer 


concentration in the vessel, is determined by the 
differential material balance. 


oc )2¢ bc 
A 
dt AY du 


O<r<H (8) 


with the appropriate boundary conditions (9) 
specifving continuity at the outlet and no diffusion 
outside the system. 


@ 5(t) — Qe DA—, (9) 
dc 
0 a H 
ow 
The effluent concentration, C(L.t), Le. K 


is just the residence time distribution in the 
system. The complex moment generating fune- 
tion L (w) of the distribution A (t) may as before 
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be determined by applying — transformation 
methods to the differential equations above and 


is found to be 


exp (P/2) 
cosh R(w) (4P 1?)(sinh R(w) R(w)) 


R (w) iPO 


with @ Il V. the nominal residence time. and 
P HV a Peclet 


expanding the moment generating function in 


(Lw) (10) 


where 
(11) 


moditied number. By 


powers of w, one may show that the distribution 
has mean @, variance S@? where S is given by (12). 


exp | P) (1 P) 


P22 


Ss (12) 


The quantity S in (12) decreases steadily from 


S = 1 for P — 0 (perfect mixing) to S = 0 for 
infinite P (plug flow). Although the residence 
time in the diffuser is not distributed like a 


multiple of 27, it does reduce to 4 @ 2%, in the 
limiting case P — 0. And it will appear in what 
follows that it may in general be approximated 
by $80 27,5, which may be interpreted as the 
residence time in a cascade of 1/8 perfect mixers 
each of mean residence time S@. 

It is clear from the arrangement of the material 
balances in the two simple mixers foregoing, that 
if a number of these mixers are assembled in a 
the 
generating function for the residence time distribu- 


cascade, each feeding the next, moment 
tion of the caseade will be the product of the 
moment generating functions for the residence 
time distributions of the individual stages. That 
is, if the individual residence time distributions 


K,(t), Ky (t) 


are 


(t), 
with the moment generating functions 


L, (w), (w), L, (w) 


then the moment generating function for the 
cascade will be 


L (w) L, (w) L, (w) L, (w) 


and the distribution function for the cascade will 
be 
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A(t) A, (t)* Ay (t)* A, 
where the symbol denotes the convolution 
product ; 


(t)* Ay (x) Ky lr, ete. > 0 


These expressions for the residence time dis 
tribution in a cascade take a particularly sumpk 
form in the case of nm perfect mixers cae h of the 
same nominal residence time @. In this case, 
the residence time im the cascade ts just 4 4x," 
with the distribution (1). It should be noted that 
caseades of mixers of different residence times no 
longer have residence times distributed exactly 
like multiples of 4°. 

The convolution relation given here ts the mathe 
matical expression of the fact, which is clear on 
physical grounds, that in computing the residence 
time distribution of a cascade, the residence times 
of the individual stages add like independent 
variables. The most important con 
sequen > of this from our present point of view 
is that m combining into a summary distribution 
the re idence time distributions im a cascade, 
not only do the means of the residence time 
distributions of the mdividual stages add, but 
also their variances. Thus, in a cascade of on 
dimensional diffusers, with stage means @,. @,.... 
and stage variances S, 0,7, S, 0,°, it follows that 
the cascade mean is @, ... and the 
cascade variance ts 8S, 0 8S, 0° ic. 
clear that some or all of the stages can be taken 
to be perfect mixers rather than diffusers by 
taking the corresponding S parameters equal to 


unity. 


IV. Approximation of ANALYTICAL 


DistripeTions BY or 4? 


What we propose here is to approximate a 
cascade residence time distribution by the 
distribution of 0 2°,,. chosing @ and n to make 
the mean and variance of the two distributions 
agree. Since the mean of @ is and its 
variance is n@® (2, 3) this agreement requires 


taking 


and S. Kary 


cascade Variance 
cascade mean 


(13) 


( aseade mean)? 
cascade variance 


(14) 


This kind of approximation is very familiar in 
mathematical statistics, and is continually used 
ma vari ty of contexts (ef... for « [11}). 
Physically, we may think of the approximation 
to the distribution of the cascade residence time 
by as the re placing of the cascade an 
approximately equivalent cascade of perfect 
mixers, each of nominal residence time 0 dl 
not be integral). As far as perfect mixers go 
(S, 


very good as long as there are only slight disparities 


1), the approximation will be 


among the several stage residence times, and again 
very good if there are great disparities due to a 
number of small stages in the cascade with a 
number of approximately equal much larger 
stages. Some intuitive idea as to how good the 
approximation is likely to be in general can be 
gained by consideration of intermediate cases like 
the following. 

Consider the system of mixers with the following 
residence times : 0; 1-7202, 
O-S333, 0, 0.1667. The exact 


nominal 
0, 9-5183, 0, 
residence time distribution of the system may be 
computed following Section TIL, as the convolu 
tion of the familiar exponential distributions for 
the individual stages, and turns out to be 


K (t) = Na, exp(— t>o (15) 
i i 
with coetlicients and powers as in Table 1. 
Table 1. Parameters of an exact residence time 


distribution 


x; 

2754 O-SS13 
2 01431 0-1051 
O-1352 1-2000 
4 O-0029 6-0000 
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+ +... 
. 
8,6, + 8,02 +... 
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. 
Fic. 1. 


(15) 


we may loosely 


Substitution in (13, 14) gives 
That is, 
say that our system corresponds to 1-59 perfect 


7-70 hr 


Appronrt- 


mixers with residence times of 


In Fig. 1 we compare the two cumulative dis- 


tributions by plotting them on logarithmic pro- 
bability paper. 
oF AN Empirical 


Time spy THE 


DisTRIBUTION 


RESIDENCE 


Fig. 2 shows an experimental observation of a 
The 


obtained by observing the recovery on the out- 


residence time distribution. points were 


put side of a system of “ spikes “of tracer 
dropped into the input side of the system. 

Also in the Fig. are shown the percentiles of 2? 
distribution for three and four degrees of freedom. 
(The x? distributions have been divided through 
by the numbers of degrees of freedom in order to 
facilitate the graphical comparison). As can be 


seen, a2 with three degrees of freedom (a multi- 
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7 
Approsimate 


PER CENT 


Comparison of exact residence time distribution with the approximation using x’, 


plicative constant aside) will give an excellent fit 
to the observed cumulative distribution. 

\ more systematic approximation scheme would 
be to estimate the mean jp and variance o? 
of the observed sample distribution by some 
appropriate numerical or graphical method, and 


then to take the » and @ of (1) as 
0 
n p? o* (16) 
so as to satisfy the relations (2) and (3). 
IV. Transtenr ANALYSIS 


If we consider a mixing system whose residence 
time distribution we 


40 


approximate by that of 
then as time progresses inlet concentra- 
tion c(t) is related to outlet concentration c’ (f) 
by 

(t) K (a) c(t 


v) dx (17) 
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64+— 
a 
| 
w 
- 
2 
z 
w | 
= 
w + 
2 
a 
—— Empiico! Residence Time Distribution 
x; 
x? 
| ( 
CUMULATIVE PER CENT 
Fic. 2. Comparison of an experimentally determined residence time 
distribution with members of the . family of distributions. 
where A (2) is given by (1). Since | A (2) da 1. \ 
c(t) :t>o0 (19) 


a steady value of ¢ will lead as it should to the 
same steady value of ¢, so that the ¢ and ¢’ in 
(17) can just as well be taken to denote the 
departure of the inlet and outlet concentrations 
from their steady states. 

If the input disturbance is a sharp “ spike,” 
the output, which is exactly the differential 
residence time distribution, illustrates the spread- 
ing-out and dissipation in time of a momentary 


disturbance in the input. In this case, 
c(t) K (t) (18) 


Or, if the input suddenly changes to a new level, 
the output, which is exactly the cumulative 
illustrates — the 


residence time distribution, 


approach to a new steady state. In this case, 


t 
c(t) A (x)dx; t>0O 


As noted earlier, any particular case of (18) 


can readily be computed from standard tables of 


the elementary functions, and of (19) from the 
tables [9, 10) by way of the relations (7). Typical 
curves of this kind appear in Figs. 2 and 3 of [5), 
and are accordingly not reproduced here. 


VII. or Raxnpom Concenrration 
FLUCTUATIONS 


This section is given over to the development 
of working approximations to the exact express- 
ions of (7) for the smoothing of random concen- 
tration fluctuations on passage through mixing 
systems, 
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Consider a mixing system whose residence time 
distribution has mean and variance such 
as might be made up, following Section VI, of a 
number of stages with 


stage means = @,, 0), ... 
(20) 
stage variances — S, 6*,, S, 0*,, 
so that 
p=0,+ 
(21) 


ot = $, 0,2 + S, 0, 


Suppose it fed with a stream whose concentration 
luctuation ¢(t) describes a stationary noise in 
time. Then the outlet fluctuation ¢' (ft) is also 
stationary, and if A(t) is the residence time 
distribution of the system, ¢’ (f) is given in terms 
of ¢(t) by (17). As in Section VI, we may take 
c(t) and ¢’ (t) to represent departures from operat- 
ing steady state levels. 

We characterize the noisy inlet fluctuation 
c(t) by its covariance function p, (7), alternatively 
by its power spectrum, S, (w), 


. 


S, (w) 


. 


p, (7) exp (tat) dt 


and ask how its spectrum has been altered 
(and its variance reduced) by passage through the 
mixing system. The answer is that the outlet 
spectrum S_, (w) Is 


S., (w) S.(w) L (w)}? (22) 
and that the outlet variance o*., Is 
| S, L (w)|? dw (23) 


where L.(w) is the moment generating function 
(in the sense of Section IL) of the residence time 
A(t). This generating 
function is just the transfer function (strictly, 
frequency 


distribution moment 
response function) of the mixing 
system. (The absolute values in (22) and (23) 
must be taken in the sense of complex arithmetic), 

In order to develop an approximate working 
solution to the smoothing problem we take the 
inlet concentration fluctuation ¢ (ft) in the fre- 
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quently encountered form of a Markov process, 
with covariance function 


p. (7) = exp (— |r| /h) (24) 
and spectrum 
ho* | 
Ss. : 25 
(25) 


In (24) and (25) A is the characteristic time 
constant of the inlet concentration fluctuation, 
and o*. is its variance. 

1 in (4) shows that the L (w) 
corresponding to a single mixer has 


Now, taking » 


1 
= 


from which it appears, following (22), that the 
spectral shape (25) can be thought of as arising in 
the outlet of a stirred tank of mean residence time 
h fed with a “ white” concentration fluctuation 
having the (flat) spectrum ho*. 7. Thus, the 
mixing system (20) fed with the Markov process 
(24 and 25) is equivalent to a mixing system with 


stage means — h, 0,,... 


stage variances = h*, S,@*,, S,0*,, ... (26) 


fed with a concentration fluctuation having the 
flat spectrum 
ho® 
(eo) = (27) 


Following (21), the mixing system (26) has 
cascade mean = h p= h+ 0,4 0, 


h? h? 4 


(28) 


cascade variance 


Following (13) and (14) we approximate the 
residence time of the mixing system (26) by 
@ x*,,. where, from (28), 


a= +0,+0,+. 


h +p h 
(29) 
(h + p)* 


h? + o* 


h? + 8, 67, + 8S, 07, +... 
The variance of the outlet concentration fluctua- 


tion c’ can then be computed from (23) with the 
S. of (27) and the L of (4): 
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validity of the approximate expression (31) is in 


he? 
len (30) general that of the approximation discussed im 
‘ Section IV. If the cascade (20) is made up of 
a perfect mixers (S, = S,—... 1) the approxi- 
he integral in (30) can be evaluated to vive 

mation will be very good as long as there are 

og? h (Qn — 2)! only slight disparities among the quantities 

+~ (31) 


The formula (31) is the desired approximate and again very good if there are a few approxi 
expression for the reduction in the variance of a mately equal large values among the quantities 
concentration ftluctuation with covariance fune (32) which dominate the rest. The general 
tion (24) on passage through the mixing system validity of (31) must of course rest on detailed 
(20). The quantities » and @ are given by (29). — case by case examination, but we have found it 
Should » not be an integer the factorials required — to give surprisingly good results in a number of 


can be found tabulated in [12]. The range of practical contexts, 
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Abstract—The purpose of this study is the clarification and extension of information on the 
kinetics of reactions in fluidized beds and in baffled fluidized beds, especially the oxidation of 
ammonia in the presence of a catalyst. The column used was 45 in. diameter and 43 in. high. 
The catalyst was manganous bismuth oxide on alumina spheres of 100-325 mesh. The quantity 
of catalyst used ranged from 2 kg to 6 kg. The gas rates ranged from 0-17 ft®/min to 2 ft®/min 
(SCFM). 


The conflicting results obtained in previous experiments have been partially explained 
and they now appear to be in substantial agreement with the theories proposed by previous 


investigators. 


The results obtained when using baffled beds show that the baffles improve the conversion 
from 10 per cent to 40 per cent over that obtained in non-baflled fluidized reactors. 


Résumé— Le but de cette étude est d’étendre et de rendre plus claires, les informations sur la 
cinétique de réactions en lits fluidisés avec ou sans chicanes, ct en particulier Toxydation de 
lammoniac en présence d'un catalyseur. La colonne utilisée avait un diamétre de 4,5 pouces, 
et 43 pouces de hauteur. Le catalyseur était un oxyde de manganese et de bismuth sur des spheres 
Walumine sélectionnées par les tamis 100-325 mailles. La quantité de catalyseur était de Pordre 


de 24 6kg. Les vitesses de gaz s’échelomnaient de 0,17 ft® min a 2 ft* ‘min. 


Les résultats aberrants obtenus dans les expériences précédentos ont été partiellement 
expliques et ils sont maintenant en assez bon accord avee les théories proposées par les experi- 
mentateurs précédents, 

Les résultats obtenus lorsque l'on utilisait des lits avee chicanes montrent que celles-ci 
améliorent la conversion de 10 & 40°, par rapport & celle obtenue dans des réacteurs fluidises 


sans chicane. 


Zusammenfassung — Der Zweek dieser Arbeit ist die Klirung und Ausweitung der Kenntnisse 
iiber die Kinetik von Reaktionen in Wirbelschichten mit und ohne Einbauten, besonders tiber 
die katalytische Oxydation von Ammoniak. Die benutzte Saule hatte cinen Durchmesser von 
4.5 in. und eine Héhe von 48 in. Der Katalysator bestand aus Mangan-Wismut-Oxyd auf 
Aluminium-Oxyd-Kugeln (Maschemweite 100-325). Die Katalysatormenge betrug zwischen 
2 und 6kg. Die durchgesetzten Gasmengen lagen zwischen 0,17 und 2 ft®/min (SCFM). 


Die widersprechenden Ergebnisse aus friheren Versuchen konnten zum Teil erklirt werden 
und erscheinen nun in Ubereinstimmung mit den Theorien friiherer Autoren. Die in Wirbel- 
schichten mit Einbauten erhaltenen Ergebnisse zeigen, dass die Kinbauten den Umsatz von 
10 bis 40°, steigern gegeniiber dem Umsatz ohne Einbauten. 


INTRODUCTION 
One or the methods of carrying out reactions 
between a gas and a solid is by use of a fluidized 
bed. The over-all reaction rate between a gas 
and a fluidized bed of solid particles depends in 
part on how thorough the contact is between 


the gas and the solid particles. Thus, if there 


are non-uniformities in the gas distribution in 
the form of bubbles and channels the reaction 
rate would be expected to be decreased. Toomry 
and JouNsTone [1] have suggested that a fluidized 
bed be regarded as composed of two distinct 
phases, a continuous phase and a discontinuous 


phase. The continuous phase consists of uniformly 
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dispersed particles together with the gas supporting 
them. The discontinuous phase consists entirely of 
the gas bubbles. They propose that the discontin- 
uous phase begins to form at gas rates slightly higher 
than the minimum gas rate required for fluidiza- 
tion. This model implies that the contact between 
the gas and the solid particles is not as good in 
a fluidized bed as it is in a fixed bed, but the 
possibilities of some reaction taking place in the 
discontinuous phase and transfer of gas at the 
phase boundaries are not excluded. 

In addition to the ineffective distribution of 
gas in a fluidized bed Gittitann and Mason 
2, 3) and Danckwerts ef al. [4] point out that 
back-mixing of the gas stream may decrease the 
efliciency of a fluidized bed when the reaction 
The data of Suen 
[5] and Swen and Jounstrone [6] on the rate of 


order is greater than zero. 


catalytic decomposition of nitrous oxide in a 
fluid catalyst bed, of Maruis and Warson [7] 
on the catalytic dealkylation of cumene and of 
Giass [8] and Grass et al. [9] on the catalytic 
hydrogenation of ethylene support this conclusion. 


100 
Fixed bed reactor 

| ———Fiuidized bed reactor 
| 
\ | 
7 


1 3kg of cotolyst 


| 
4 | 


oO 


Fraction of ammonio converted 


4 \ 
| 
~ 
20 
0-2 0-4 0-7 


Volumetreu 


gos rote, min 


Fic. 1. Data on oxidation of ammonia in fixed and 

fluidized bed reactors by Suen [5] and Batcretor 

[10]. Experimental conditions: Catalyst: 165-200 

mesh manganous-bismuth-alumina catalyst prepared 

as mentioned in the Experimental Section. 

Temperature : 250°C. Feed: 10 per cent ammonia 
90 per cent oxygen (by volume) 


However, a discrepancy arises when one com- 
pares the data on low temperature oxidation of 
ammonia with oxygen in fixed and fluidized beds 
of catalyst obtained by Suen [5], [10] 
and Jounstone et al. [11] using the same reactor. 

In Fig. 1 some of the conversion data obtained 
by these authors on fluidized beds are shown as a 
function of the volumetric gas rate. Curves are 
also shown for the fractional conversion vs. flow 
rate calculated by extrapolating results of other 


experiments carried out by the same authors 
on fixed beds using upward flow of the gas at 
velocities lower than the minimum fluidization 


velocity. If such extrapolations are valid it 
appears that above a certain flow rate the con- 
version of ammonia in a fluidized bed is higher 
This 


situation, if it actually exists, is contrary to what 


than that obtained in a fixed bed reactor. 


one would expect if the ideas stated above are 
correct. 

Further the 
why such behaviour might be expected : 


consideration suggests reasons 
(1) The reaction mechanism might be changed 
of the 
increased velocity of the gas past the particles. 

(2) The movement of the particles in the 
fluidized bed the 
of the particles surface for the reaction. 

(3) Channelling occurred at the low upward 


velocity used in the fixed bed and this might 


to a diffusion-controlled step because 


might increase effectiveness 


lower the apparent reaction rate thus shifting the 
conversion curves downward. 

(4) The catalyst might have had a different 
activity. 

If the first of these reasons were true the two- 
phase fluidization concept of Toomey and 
JouNsTONE, in which the velocity of the gas in 
the dense phase where the reaction takes place 
remains constant and equal to that at incipient 
fluidization of the total flow 


through the bed, would be disproved. 


vas 


regardless 
It was to improve the understanding of this 


matter of ammonia oxidation in fixed and 
iluidized beds that the present experiments were 
conducted. The experiments repeated, to an 
extent, some of the earlier experiments, but 
downward flow of the gas was used in the fixed 


bed to prevent channelling. Also, in order to 
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obtain a more definite trend of the curves for 
conversion vs. flow rate the measurements in 
fluidized beds were extended to a range of gas 
velocities three or four times greater than that 
used previously. 

In addition, other experiments were conducted 
using sereen baffles in the fluidized bed. In such 
a bed one can conduct a reaction under conditions 
which are between those of a fixed bed and a 
fluidized bed. 

Since a baffled bed reactor has the advantages 
of good contact between gas and solid, which is 
characteristic of a fixed bed reactor, and of high 
heat transfer rates and low pressure drop, charac- 
teristic of a fluidized bed reactor, the study is 
appropriate. 


R — Reactor unit 
Sompie line ,| 

N ndenser \/ |S |N 

Trop Le J 

| 
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Fic. 2. Flow diagram of experimental equipment. 


EXPERIMENTAL SECTION 

Apparatus 

A flow diagram of the experimental equipment 
is shown in Fig. 2. The equipment consists 
essentially of a heated reactor, supply tanks for 
air, oxygen and ammonia, equipment for measur- 
ing the flow rates of these gases, devices for 
sampling the gas entering or leaving the reactor 
and thermocouples for measuring the tempera- 
ture of the catalyst bed. The arrangement of the 


valves was such that either upflow or downflow 
of the inlet gases was possible. 

The reactor, which was 4} in. id. and 43 in. 
high, was made of stainless steel. The lower 
flange was connected to an inlet section and a 
stainless steel porous plate, placed between the 
reactor and the inlet section, was used to support 
the bed and disperse the gas uniformly. The 
upper flange supported the cyclone separator 
used to remove the catalyst particles from the 
gas stream. The catalyst collected in the cyclone 
was returned to the reactor at the end of each 
series of runs. 

The reactor was heated electrically by four 
chromel resistance ribbons wound on Alundum 
insulation around the reactor. The temperatures 
of the bottom and upper sections were controlled 
manually with Variacs and the temperature of the 
section immediately above the porous plate was 
regulated by an automatic controller. 

The sample lines for the exit gas were also 
heated electrically to prevent condensation of 
water. The temperatures in the fluidized beds 
were measured by three iron—constantan ther- 
mocouples in stainless steel wells located in the 
axis of the column. 

The internal structure of the reactor was 
modified for the experiments using a baffled bed. 
The baffles used consisted of a stack of stainless 
steel screen with 0-I4in. openings made of 
0-035 in. wire. The screens fitted closely inside 
the column. They were separated by four stainless 
steel spacers gin. long. Four threaded } in. 
stainless steel rods were passed through the 
screens and the spacers and bolted to hold the 
stack of screens together. Seven iron—constantan 
thermocouples were attached to the screens in 
order to detect axial and radial temperature 
gradients in the fluidized beds during the ex- 
periments. The wires of the thermocouples were 
insulated with fibre-glass cloth and passed through 
steel tubings at the top of the reactor. 


Catalyst 

The catalyst was made by impregnating 20 kg 
of a (100-325 mesh) Alcoa alumina catalyst used 
for fluid cracking with 5 |. of solution containing 
2,000 g. manganous nitrate and 700g. bismuth 
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nitrate. It was dried for 5 days in a vacuum oven 
and roasted in an electric furnace for 48 hr at 
375°C. 

The catalyst was used without screening after 
impregnation. The geometric mean diameter of 
105. the 


2.06 ¢ em®, The apparent density of the catalyst 


the particles was density 
was 1-08 ¢ em*, 
The activity of the catalyst remaimed constant 


for several hundred hours. 


Procedure 

A weighed quantity of the catalyst, between 
2 and 6 kg, was placed in the reactor through 
the top. The ratios L,D of the depth of the 
packed bed to the diameter of the column used 
for the three series of runs were 1.7 (2 kg of catalyst) 
to 3-4 (4 kg of catalyst) and 5-1 (6 kg of catalyst). 
The catalyst was thuidized with air while the 
When the reaction 


temperature, 250°C, was reached the oxygen 


reactor was being heated. 


ammonia gas stream was substituted for the air. 
In all of the runs the inlet composition of the gas 
was approximately 10 per cent ammonia and 
9) per cent oxygen. The absolute pressure at 
the top of the reactor was maintained at 
840 mm 

Simultaneous samples of the gas were drawn 
at the bottom and the top of the column through 
U-tubes containing magnesium perchlorate. The 
rate of sampling was about 0-01 ft® min. The 
volumes of the gas samples were measured by 
wet-test meters after adsorption of ammonia and 
water vapour. The amount of ammonia adsorbed 
was found by dissolving the adsorbent and titrat- 
ing the solution with standard acid. 

The experimental procedure was essentially 
the same for both the fluidized bed and fixed 
bed experiments, the only difference being that 
in fixed bed experiments the reactor was operated 
down flow. After each run with fixed bed, the 
gas stream was passed upward through the bed 
to eliminate any temperature gradient formed by 
fluidization of the catalyst. 

There was some difliculty in maintaining a 
constant and uniform temperature in the fixed 
bed for the entire period of the experiments, 
even when 2 kg of the catalyst were used. For 


Hi. F. Jounsrone 


this reason it was not possible to operate at flow 
rates higher than 0-33 ft® min* with the fixed 
beds. At this flow rate uniformity of temperature 
within could be maintained. the 
uidized beds control of the temperature was 
easily maintained at all flow rates and for any 


amount of catalyst used. 


urs 
The data for fixed beds of 2 kg of catalyst have 
been interpreted on the basis of the conclusion 
of Jounsrone et al. that, for the oxvgen ammonia 
ratio used, the oxidation of ammonia follows a 
pseudo-tirst order reaction for which the equation 


Is 


In (1 x) A r+ (1) 


where « is the fraction of the ammonia oxidized, 
T IS the reciprocal space velocity expr ssed as 
volume of catalyst particles per unit of volumetric 
vas flow rate and A is a constant. Under the 
experimental condition used, moa rane of vas 
flow rate from 0-17 ft®/min to 0.33 ft® min, the 
average value of was equal to 5-15 min"! 
(deviations 0-2 
Extrapolation of the results by means of 
equation (1) to higher flow rates and to beds of 
t and 6 ky of catalyst is shown by the broken 
lines in Figs. 3, 4 and 5. These Figs. also show 
the results obtained with tluidized beds of 2, 4 
and 6 kg of catalyst. 

In Figs. 3. 4 and 5 the curves for the fixed beds 
and fluidized beds do not intersect as in Fig. 1. 
This proves that the unusual results shown in 
Fig. 1. which are mentioned in the Introduction, 
must be attributed either to channelling in the 
fixed bed when using upward flow or to different 
activity of the catalyst used for the two sets of 
experiments, 

The data of Figs. 3, 4 and 5 show that the 
oxidation of ammonia in fixed and tlhuidized beds 
of the catalyst used follows the same general 
trend reported for other reactions by other 
investigators. In a fixed-bed reactor the con- 
version is higher than in a fluidized-bed reactor 
under the same experimental conditions. Figs. 4 


*Here and throughout the paper the volumetric gas 
rates are expressed as standard ft® /min (SCFM). 
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Fic. 3. Experiments with 2 kg of catalyst. 


and 5 show also the importance of the by-passing 
of the gas in determining the conversion in 
fluidized operations. In fact, the conversions in 
(luidized-bed reactors are even lower than con- 
versions calculated for corresponding fixed-bed 
reactors under the hypothetical assumption that 


the gas phase is completely mixed. 


> 
\ 
2 
\ ‘ 
c 
E 4 
t 
- 
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Slumetr rate min 


Fic. 4. Experiments with 4 kg of catalyst. 


erted 


Fic. 5. Experiments with 6 kg of catalyst. 


The curves in Figs. 4, 5 and 6 indicate the 
effect of the L. D ratio on the efliciency of thaidized 
hed reactors. The higher this ratio is the larger 
is the minimum difference between the conversion 
in fixed- and fluidized-bed reactors. 

The change in the magnitude of the relative 
spread between the two conversions (% — %q/ %&) 
as the flow rate increases may be int rpreted on 
the basis of the results of previous studies on the 


behaviour of fluidized beds [12-16}. 

\t the lower flow rates there is a more compact 
solid shell around the bubbles. Besides, channels 
are formed in the bed, through which gas flows 
preferentially. In these conditions there are, of 
course, low rates of gas transfer between the 
continuous and discontinuous phases and, thus, 
the value of (% — %q is high. 

When the flow rate is increased, the more 
active, turbulent intermixing between the con- 
tinuous and discontinuous phases brings the 
conversion in the fluidized bed closer to that 
for the fixed bed. Thus, the value of (a — a /%) 
may be reduced. It appears in Figs. 3 and 4 for 
experiments using ratios L/D equal to 1-7 and 
3-4. 

As the gas velocity is increased still further the 
effect of the by-passing of the gas becomes do- 
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minant again. The by-passing of a larger volume 
of gas compensates for any further improvement 
of the homogeneity of the bed. Thus. the value 
of %q) % remains nearly constant or 
increases slightly, as shown in Fies. 3 and 4. 
The maximum in the conversion of fluidized 
reactors as the gas flow rate increases appears to 


agree qualitatively with the data of Maruis and 


Watson [7] on the catalytic dealkvlation of 


with the data of and 
KISLIAK [17] on the uniformity of thuidized beds. 
the 


velocity for a fluidized reactor is evident since it 


cumene and SUUSTER 


The practical interest in optimum gas 
defines the condition at which the bed should be 
operated in order to give conversion nearest that 
of a comparable fixed bed. 

Although under more general considerations 
the optimum ve locity, as defined, may not be the 
best for carrying out a given reaction. nevertheless 
it helps to overcome the main disady antage of the 
fluidized beds compared to fixed beds, i.e. the 
non-homogeneity of the solid gas system. 
kinetic data 
laboratory experiments are not always applicable 
The effect 


of thuidization of solid on each reaction should be 


Unfortunately, obtained — in 


for the design of industrial reactors. 
mvestigated and the condition of the fluidized 
bed related to the properties of the solid and the 
fluid and the operating variables such as gas 
flow rate, the LD ratio and the diameter of the 
The Maris 


and the present results on oxidation of ammonia 


column. data of and Watson 
show that the optimum gas flow rat may be less 
well defined as the L/D ratio increases and the 
spread between the conversion curves for tixed 


bed L/D 


Maris and Watson also found that the spread 


and fluidized increases as increases, 
increases with the size of the reactor. 

The effect of the LD ratio on the etliciency of 
fluidized reactors can be studied by considering 
the effect of the gas rate on the mass transfer 
between the continuous and the discontinuous 


phases. and Jounsroxr [6] showed that, 
for a first-order reaction. assuming that mixing 
within each phase is negligible, the mass transfer 
the the 


discontinuous phases can be calculated from two 


coeflicient between continuous and 


simultaneous first-order linear differential equa- 


tions obtained from a material balance in each 


phase : 


MC, tha 

Hx. Vat. .. LKC 
d Ay (Cy C.) 
L 


where Ay is the transfer coeflicient expressed as 
moles per unit time, per unit volume of bed per 
the 
transfer 
For 4 kg of 


catalyst the coeflicient passes through a maximum 


concentration difference between two 


Calculated 
coctlicients Ky are shown in Fig. 6, 


unit 


phases. Values of mass 


at a flow of about 0-7 ft® min : for 2 kg of catalyst 
the increases up to a rate of 
13ft® min and then levels off: and for 6kg 


coetlicient flow 


of cataly st it decreases beyond 0-25 ft® min. 


rote min 


Effects of volumetric gas rate on transfer 
coetlicients Ky. 


Fic. 6 


Fiuciwizep Reacror wrrn Screens 


work carried MASSIMILLA 


et al. [18] has shown that the homogeneity of a 


Previous out by 
luidized solid gas system is improved by the 
presence of screen grids. The effect of this kind 
of baflle on the friction factor. density distribution 
They 


pointed out that fluidized beds with sereen grids 


and mixing of the solid were observed. 


1962 
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are comparable to fixed beds, as far as the uni- 
formity of distribution of the solid is concerned. 
over an important range of flow rates. They 
also showed that when the grids are properly 
designed the pressure drop in a balfiled solid—gas 
system increases only slightly with the flow rates. 


Further studies have shown that. beyond a certain 


gas velocity, the rate of heat transfer at the wall of 


the container and in the solid phase of a baffled 
iuidized bed is as high as it is in fluidized beds 
without screens. Moreover, recent studies (19, 20) 
have demonstrated that screen baffles improve 
horizontal mass and heat transfer in fluidized beds 
minimizing the effect of the by passing of the 
discontinuous phase through the bed. They also 
noticed that back-mixing of the gas in fluidized 
bed is reduced by the use of grids [20], similarly 
to the effect of other types of baffles [21]. 

Before testing the effect of the screen baftles on 
the oxidation of ammonia at low temperature 
preliminary experiments were carried out at room 
temperature in a Lucite column to find the most 
effective type of grid which gave the best homo- 
geneity of the bed. 

The sereens alone caused no oxidation of 
ammonia when tested with 10 per cent ammonia 
and 90 per cent oxygen, at 250°C. 

As expected, it was not possible to maintain 
uniform temperature in the beds with sereens 
over the whole range of the gas velocities used in 
unbatiled beds. Only 
above 0-7 ft® min for a bed of 2ke and above 


1Oft®/min for beds 4 and 6ke of catalyst the 


the experiments with 


temperatures were fairly uniform. The conversion 
data for these ranges are shown in Figs. 3, 4and 5. 
For each ratio of L/D there is a flow rate above 
which the conversion approaches that in the fixed 
bed. It is not likely that the baflles break up the 
stream of bubbles rising in the bed at lower flow 
rates, Experiments, however, could not be carried 
out in this range because of variations in the 
temperature of the bed. 

The results obtained with the sereens agree 
qualitatively with the conclusions of Grass [8] 
on the effect of obstructions in fluidized beds. 
This author found that the presence of 6-mesh 
stainless steel screens appreciably increased the 


rate of conversion in a 2 in. id. reactor. He also 


found that the presence of baffles made the tem- 
perature control more difficult in the range of flow 
rates used, which was higher than that used in 
the present work. Possibly the larger reactor made 
the temperature in the ammonia oxidation more 
uniform. 

The agreement between the results with fixed- 
bed and baflled fluidized-bed reactors for beds of 
2 and 4 kg of catalyst does not indicate that the 
mechanism of the cataly sed reaction is the same 
in both reactors. It is probable that the agree- 
ment is the result of the combination of two 
opposing factors acting in baffled fluidized beds, 
with some residual by -passing even in the presence 
of the grids and increased effectiveness of the 
particle surfaces for the chemical reaction because 
of the motion of the catalyst. 

The exact effect of the screens on the over-all 
kineties of a reaction cannot be veneralized from 
results of experiments on one catalyst, since the 
nature of the reaction between the gas and the 
Hhuidized particles, the heat of reaction. the effect 
of the interfacial velocity and the size of the 
reactor all affect the conversion rate. 


CONCLUSIONS 


The low temperature oxidation of ammonia in 
Nuidized beds of manganese—bismuth—alumina 
catalyst is consistent with the theories suggested 
by previous investigators for interpreting reaction 
kinetics in fluidized beds. 

The difference in the conversion in (luidized and 
lixed bed reactors depends on the flow rate. It is 
noticeable at low flow rates because of the channel- 
ling and the high stability of the bubbles in 
poorly fluidized beds. An optimum velocity for 
conversion in fluidized beds has been found. 

Sereen baffles used to improve the homogeneity 
of fluidized solid—gas systems are most effective 
at the higher flow rates. 

It was not possible to carry out isothermal 
conversion at low flow rates on baffled beds 
because of the poor circulation of the solid and 
the high exothermicity of the reaction. At low 
flow rates stirring the bed may be more useful 
for improving the conversion in a fluidized 
catalytic reactor. 
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Abstract 


ina fluid is described. The method has been developed to give an accuracy of 


measurement of distance and 


mental reason why these should not be bettered 


Résumé —L/auteur expose une méthode de 
particules en suspension dans un fluide. 
0.001 cm pour la mesure des distances et 


semble pouvoir étre ameéliorée 


Zusammenfassung — lin 


Teilehen, die in cinem stromenden Medium suspendiert sind, wird besehrieben. Dic 


Methode hat cine Genauigkeit von 


die Geschwindigkeitsmessung. Der weiteren 


nichts entgegen. 


INTRODI CTION 
Tuts paper is a shortened version of part of a 
thesis [1] submitted to the University of Cam- 
bridge. Further details can be found from that 
work. 
In the thin 
films of liquid flowing down vertical surfaces if 


course of work on (ca. I mm) 
became necessary to develop a new method of 


measuring velocity profiles. Films are very 
sensitive to disturbances and are broken up by 
any stationary measuring device such as a Pitot 
tube. It was clear therefore that some form of tlow 
visualization (the observation of small particles 
moving with the thiid) would have to be used. 

Flow visualization has been used before, by 
Townend and Facr [2], Presron and Face [3] 
and by CLayron [4]. None of the above was able 
to measure more than two components of velocity, 
or to measure velocities in more than one plane 
Of the three methods CLAy?Ton’s 
is the but this 
suffers from the disadvantage of a highly non- 


the 


wall, and confusion due to multiple reflections in 


at any time. 


most suitable for use on films 


linear calibration curve, particularly near 


the gas liquid interface. 


1 per cent for the measurement of velocity. 


mesure 


Verbesserung dieser Method 


\ method cf measuring all three components of the velocity of particles suspended 


0-001 cm for the 
There 


is no funda 


des trois composantes de la vitesse de 


La méthode a été déve loppe avee une exactitude cde 


pour la cles Vilesses. Cette methode 


Methode zur Messung aller drei Geschwindigkeitskomponenten von 


entwickelt« 


0,001 em fiir die Kntfernungsmessung und von 1 fiir 


steht grundsitzlich 


It was therefore decided that a new approach 
was necessary and it seemed likely that stereos- 
copie photography would be a useful method. 
All three co-ordinates of position can be found 
of photographs and 
This 


an advance on those mentioned above 


from a stereoscopic pair 


hence all three components of velocity. 
method is 
in that the 
a volume. It is also an improvement on CLAYTON’s 
method in that the calibration curve is nearly 


the wall. 


velocities are obtained throughout 


linear and is most nearly linear near 
making it particularly suitable for very thin films. 

Though the method was developed for use in 
films it is by no means limited to this application. 
It can be used for all fluid systems capable of 
being photographed and can also be used for 
finding the 
The theory of the method, and such practical 


spacial distribution of particles. 


precautions as were found to be necessary, are 
given here in the hope that they will be of use to 
others wanting to use this method. 

This method does not differ in principle from 
that of Minuer [5], but he was concerned with 
distances of the order of a thousand times those 


with which this paper deals. 
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APPARATUS 

The method was developed for use on a 1 in. 
diameter vertical tube. It was found that the 
photographs had to be accurately in focus and 
that the striations in commercial extruded perspex 
tubes caused too much distortion. Cons: quently 
the tube was broken at the se tion to be examined 
and a 8in. long Lin. internal diameter highly 
polished perspex cell was inserted. The outside 
of the cell was a in. square for convenience in 
lighting. A grid of lines 0-1 in. apart and less 
than 0-001 in. deep was seribed on the cell wall 
to provide a zero for readings of ce pth. 

The best results were obtained when the camera 
axes were co-planar with the cell axis. This 
arrangement also gave a more linear calibration 
curve than that in which the camera axes were 
ina plane pe rpendicular to the cell axis. The two 
cameras, Contax I] cameras, fitted with £.3-5. 
50 mm Tessar lenses and 12 em of extension tube. 
were mounted in a vertical plane with their axes 
converging at 40°, This angle was not critical 
and was determined mainly by the shape of the 
cameras, The arrangement of the cameras and the 
cell is shown in Fig. 1, 

In order to get a simple calibration it) is 
necessary to have the magnification of both 
cameras the same. Consequently the normal 
method of 
between the lens and the photographic plate is 


varied, could not be used, The cameras were 


focussing, whereby the distance 


therefore focussed by moving them bodily. This 
was made possible by mounting them on Hogarth 
two-way sliding vice tables with serew feed 
calibrated to 0-001 in. The cameras were titted 
with plate backs so that ground glass screens 
could be used for focussing. 

The best results were obtained when spherical 
particles were used, as asvimimetric particles 
appeared brighter on one photograph than on the 
other, leading to confusion. Air bubbles. glass 
beads and dispersions of oil were tried. Air 
bubbles were found to give the best photographs 
and could be made sulliciently small to have 
negligible drift velocity. (A 0-001 in. diameter 
bubble rises through water at about 0-003 in. see). 
Air bubbles were therefore used as in CLAyTon’s 
work [4]. 


To preserve symmetry the bubbles had to be 
lit horizontally. When a bubble is lit from behind, 
the lens effect produces an image some distance 
behind the centre. Thus with back lighting 
corrections have to be made to readings of depth. 
With side lighting the image is displaced to on 
side. The bubbles were therefore lit from both 
sides, the average position of the two images 
giving the position of the centre of the bubble. 
The bubble diameter can be calculated from the 
distances between the two images thus enabling 
oversized bubbles to be detected, It was to 
facilitate the side lighting that the outside of the 
cell was made square. 

The bubbles were lit with a lashing light so 
that they spy ared on the photograph as rows 
of dots, The 


measuring the distance between two successive 


velocitics were found — by 
dots. It is diflicult to synchronize two flashing 
lights so only one light was used. the beam bein 
split in two, and directed on to the right paths 
by a series of mirrors, These can be seen in lig, ie 
The flashing light was made. as in CLAayTox’s 
work, by intercepting the beam from a suitable 
light source by aspinning perspex disk with sections 
of the perimeter blacked out. The inner portion 
of the disk was painted with a symmetrical 
pattern so that it could be timed stroboscopically 
against the mains frequency. A photographic 
flash bulb was usually used as the light source. With 
this about eight interruptions could be obtained. 
An advantage of a flash bulb over a steady light 
was that the camera shutters need not be syn- 
chronized. They could be left open and the 
exposure regulated by the strength of the flash 
bulb. 

The photographs were analysed in a Zeiss 
stereoscope originally designed for use in aerial 
surveying. It consisted essentially of two travell- 
ing microscopes coupled together so that as well 
as being able to measure distances in the normal 
manner it could measure the difference in the 
lengths of the two images of the same object. 

The photographs were put in the stereoscope 
and viewed each with one eye. They were then 
moved so that the two images of a particular 
point were both under the crosswires of their 


respective eyepieces. Both photographs were 
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then moved the same distance by a calibrated 
screw until another point was behind the cross- 
wires of the left-hand eyepiece. The right-hand 
photograph was then moved by another calibrated 
screw until the corresponding image was behind 
the left-hand crosswires. This second movement 
was the difference in length of the images. 
When very accurately focussed photographs 
were obtained a visually stereoscopic effect was 
produced. Altering the distance between the two 
photographs moved the stereoscopic image 
vertically with respect to the crosswires, By 
adjusting points of the image to the same height 
as the crosswires the differences in lengths could 
be obtained to much greater accuracy than by the 


straightforward method described above. 


THEORETICAL CALIBRATION 
(a) Normal method 


This theory is worked out for the case when 
the optical axes of the cameras intersect at some 
point on the inside wall of the cell (the optical 
axis being defined as the path of a ray of light 


passing through the centre of the lens and the 


axis perpendicular to the cell wall. In_ this 
analysis only points in the plane of the cameras 
(z 0) are considered, 

The leneths of the images of the line PR, where 


P is the pot (2, y) are calculated. 


Let L be the distance of the lens from the cell 
E be the distance of the lens from the 
photographic plate 
A be the thickness of the cell wail 
fey be the refractive index of the cell wall 
fy be the refractive index of the liquid in the 
cell 
; be angles detined by Fig. 2 


be x x+. 5B be B *, he 


The length of the extension tube prevents 67 
being greater than 0-05 rad. so it is assumed 


throughout that 
Ox sin tan ox 
The laws of optics give : 


sin sin fe sin 4 


sin % Sin SIN 3 (1) 


; re and the geometry of Fig. 2 gives 
centre of the photographic plate). This point ' 
R (see Fig. 2) is taken as the origin of co-ordinates, L tan Atan 8 — Ltan =z Atan 8 
with the # axis parallel to the cell axis and the y t y tan 4 (2) 
q 
"SUK 
b 
Fic. 2. 
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Expanding (1) and (2) by Taylor's theorem and 


solving for dx we get 


On Ag Ay tan y 
iB 
(AB tan y m, sec? y) Ar Ay (Ary? 
AB. | 
| tan- Ms 4 tan > 
where L sec® A my, St c* 6 (4) 


B 21, sec? tan » A (3,7 1) 


8 tan (3) 


my and My being defined by 


l 
tan tan 5 tan (6) 


my Mhs 


In practice (da) and (Ay) are less than 0-02 so 
equation (3) will converge rapidly. 

The length D, of the image of PR on the 
right-hand plate will be given by Dy, E dz. 

The length dD, of the image of PR on the left- 
hand plate can be obtained by a similar analvsis, 
the only difference being that in equation (3) 
the signs of all terms except those involving odd 
powers of x are reversed. 

The stereoscope measures the mean length of 
the images R, and the difference in their lengths 
R,. Clearly : 


R, Aa 


m, y) Aa ly ees (7) 


2E tan y Ay {EB( Ar)? 
tan? y 


— 2m, sec*® y tan y) (4y)* (8) 


Equation (7) cannot contain even powers of x and 
equation (8) cannot contain odd powers of a, 
therefore these equations are correct to one 
higher power of « than appears at first sight. 


Putting in the dimensions of the apparatus, Le. 


170mm, L 60mm, 6mm, 
20", pty 1:5, ps 1-33 
we have in millimetres 
120 y + 0.0218 22 — 0.0129 4? 
2-362 —O0-0119ay +... (10) 


Since the depth of focus of the cameras put an 


upper limit of y at about 1 mm and & at 3 min, it 


was assumed that 


R 1-20 y + 0.0218 2? (11) 


R, 236.4 (12) 


would be correct to an ACCUTACY of 1 per cent, 
Except at the edges of the tilm the 2? term in 
equation (11) can be neglected. The equations 
are then linear and distances such as PP’ can be 
measured without reference to the origin. At 
the edges of the film the «? correction must be 


apphed unless it can be eliminated by difference. 


This is possible if P lies directly behind one of 


the circumferential grid lines. If P’ is the point 
on the grid line directly beneath P then the 
distance PP measured on the ste reoscope can be 
converted to y without the 2? correction. When 
P is not directly behind a grid line the position 
of the origin must be determined. This ts possible 
by observing the longitudinal grid lines, which 
being lines of y 0 appear to be parabolas. ! 
equals zero at the apices of the parabolas. 
Measurements in the 2 direction were of minor 
interest in the problems for which this method 
was used so no theoretical calibration was made. 


It was found experimentally that 
R, = 2-36: = EAxz. 


(b) “ Moving in” lechnique 
For points remote from the wall a different 


technique must be used. The above method is 


still applicable but as the wall grid will be out of 


focus there is no zero from which to take readings. 
This is overcome by the following technique ; 

The cameras were focussed on the wall erid 
and a photograph was taken. Both cameras 
were then moved in a certain distance until they 
were focussed on the area under investigation. 
Another photograph was taken on the same plate, 
The net result of this was that the grid appeared 
to be in the middle of the fluid. Measurements 
were taken from this false grid in the normal 
manner. The distance between the false grid 
and the cell wall was a function of the camera 
movement only and could be calculated in’ the 
following way. See Fig. 3. 

The apparent movement of the grid, ¢, equals 
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“ 


Fic. 


the movement of the intersection of the camera 


yg axes. With the camera lens at P the optical axes 
1962 intersect at R. on the cell wall. The cameras 


were moved a distance, s. bringing the right 


hand lens to QQ and the intersection of the optical 


axes to S. Clearly : 
{tan 3 Atan 8 (L s) tan A tan 
L tan 
t¢tan y Stan 
1c. Mel (13) 


It might be thought that this method depends 


on the accuracy with which the optical axes 


originally intersected on the grid. This is not so 
provided equation (11) holds equally well for 
small distances at R and at S.. The movement of 
the cameras, not their position, is the important 


factor in this method 


EXPERIMENTAL CALIBRATION 


The effective distance from the lens to the cell 


could not be measured with sullicient accuracy 


The 
apparatus was therefore calibrated empirically. 


to make the theoretical calibration reliable. 


To do this it was necessary to have a series of 
points at known distances from the wall through- 


out the working range. It was found that lines 


»'de 
Side 2 
Scale reod 
Fic. 4 Calibration curve. 
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scribed on a piece of perspex gave the best results. 
A perspex rod of the same diameter as the tube 


(to 0-001 of an inch) had four flats cut into one 


end. These had maximum depths of gy. 1's 
Lin. Lines at approximately <4 


were scribed on the flats parallel to an perpen- 


and in, Spacing 
dicular to the axis of the rod, forming a square 
vrid. These grid were measured to 0-0001 in, by 
a travelling microscope. The depth of each line 
below the tube wall could then be calculated. 
As 
could be taken. 


many readings as there were erid lines 


These are plotted against the 
It can be seen that the 
relationship ts sensibly linear up to 2mm from 


the wall. The slope of the line agrees with the 


known depths in Fig. 4. 


theoretical to within the accuracy of the measure- 
ment of the distance from cell to lens, which was 
about 10 per cent. The calibration constants for 
the w and = direction could also be found from the 
photographs, these too lay within the limits of 
the theoretical values. 

It was found possible to read R, consistently 
to 0-001 cm and R, and R, to 0-002 cm. Therefore 
with the calibration constants of the order of 1 and 
2 respectively the accuracy is equal for all three 
directions and is about 0-001 om. 


A similar method was used to calibrate the 


Fic. 5. 


! 


moving-in technique. The results are plotted in 
Fig. 5. It that the 
distinguished from theory. 


is seen results cannot be 


CONCLUSION 


A method of stereoscopic photography has been 
developed for measuring the positions of moving 
bubbles at known intervals of time, thus giving a 
Distances can be measured to 
of O-lem. The 


method can be extended to greater depths, thus 


velocity profile. 
within 0-001 em over a range 
making it applicable to any flow systems, though 
a theoretical calibration would be diflicult if the 
photographs had to be taken through highly 
curved surfaces. The method has been calibrated 
theoretically for evlindrical tubes and it was found 
that the calibration curve was nearly linear. This 
was confirmed by experiment. 

The method is slow and it takes several minutes 
to obtain one reading from the photographs. 
This makes it rather unsuitable for fluctuating 
flow when a large number of readings are needed 
to give a reasonable average. There are however 
many situations in which this is the only method 
that will give any results and its development was 


therefore considered worthwhile. 


* Moving-in’ technique calibration curve. 
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NOTATIONS \ = thickness of cell wall 


1 defined by equation (4) . | 
B defined by equation (5) a" 

dD, length of image on left-hand plate | , / 

Dp length of image on right-hand plate , pangies defined in Fig. 2 
distance of lens from photographic plat 
distance of lens from cell 
ox } 
| 

VOL Rk, > readings obtained from stercoseope | refractive index of cell wall 
16. R, J He refractive index of liquid 
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Abstract 


of turbulent liquid pipe flow 


Measurements were mad 


Stereoscopic photography has been used to measure the velocities in the wall region 


on water in a lin. diameter tube at 


Reynolds Numbers of 12,000 and 19,000, The mean velocities are in substantial agreement with 


those found in air by other people. The instantancous velocities show that even in the so-called 


laminar sub-layver, the velocity is by no means steady. 


Résumé Les vitesses decoulement 


utilisant ha photograph ste 


1 pouce pour des nombres de Revnolds 12.000 et 19.000 


ut ord uvet 


que méme dans la prétenduc sous couche 


Zusammenfassung 
W 
Messungen wurden mit Wasser 
12,000 19,000) durcehgefilrt 


einer Flissigkeit in der eines 


und 


Ubereinstinmung mit denen, dic andere 


turbulent de liquide 


celles trouvéees dans lair par Q@autres auteurs. 


Rohire lew 
in cinem Rohr von 1 in. 
mittleren 


Autoren mit Luft fanden. 


dans un tube ont été mesurées en 


Les mesures ont été faites avee Teau dans un tube ce 


Les vitesses movennes sont en trés bon 
Les vitesses instantanées montrent 


la vitesse nest puts clu tout constante 


Die stereoskopische Photographie wurde benutzt, um die Geschwindigkeil 


turbulenter StrOmung zu messen. Dir 
Durchmesser bei Reynoldszahlen von 
grundsitzlicher 


Geschwindigkeiten sind in 


Dic momentanen Gesehwindig- 


keiten zeigen, dass selbst in der sogenannten laminaren Unterschicht dic Geschwindigkeit unstetig 


ist. 
INrTRODI CTION 


Tuts paper is an abridgement of part of a Ph.D. 
Thesis [1] the 


Cambridge. Further details can be 


submitted to 
found in that 
work. 

Chemical engineers are often concerned with 
the velocities very close to a solid boundary in 
flow. Such velocities, and 


turbulent liquid 


particularly the fluctuations in these velocities, 
must be known for the theoretical predictions of 
rates of heat transfer or dissolution. 

These 


for y 


velocities have never been measured 


less than 15 and it is usual to assume that 
they can be deduced from the known behaviour 
of air, In particular it is often assumed that 


VON Kakman’s [2] dimensionless velocity protile 


u yu. (1) 
u 3-05 + SIiny 30 (2) 
554 25lny 30 (3) 


holds. This is not satisfactory for several reasons 


but has given rise to the classification of the wall 


University of 


layer into three regions: laminar sub-layer, 
buffer layer and turbulent core respectively. 
The apparatus was constructed for the measure- 
ment of the velocities in thin films of liquid, but 
it was thought to be of interest to make a few 
measurements on the wall region of turbulent flow 
ina pipe running full. Only two series of results 
were obtained, at Reynolds numbers of 12.000 
19,000, The 


down to 


and measurements were made at 


values of y about 1 and since few 
results are available in the region it was thought 


worthwhile publishing these measurements. 


Work 


The velocity protile not too close to the tube 


Previous 


wall has been worked out, using different assump- 
tions, by [3 


VON Karwan [4], 
(5) and [6] as: 


A+ Blhhy 


where A and B are constants to be determined 


experimentally and u* and y* are the velocity 


and distance from the wall made non-dimensional 
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with the wall shear stress + density p and 


viscosity thus 
y y 


This has been confirmed by Nikurapse [7] and 
many others [8, 9] for both liquids and gases. The 
values of A and B vary between authors but 
A 5-5 and B 2-5 are often accepted. This 
equation holds only for those regions in which 
the eddy Viscosity is much larger than the mole- 
cular viscosity, i.e. for y 30. 

The eddy viscosity decreases near the wall. 
and very close to the wall (say y 5) it becomes 
negligible compared to the molecular Viscosity. 
[10] calculates that pe (y*)* for y very 
small (e is the eddy viscosity), Townxsexp 
disputes this. giving the exponent as 3. In either 
case « become vers small and hence the ve locity 
profile becomes asymptotic tou y°, the 
equation for laminar flow. This equation does 
not hold for the whole of the range y 30 and 
it is the bridging of the gap between the two 
equations which has caused much of the specula- 
tion about this subject. 

At least nine semi-theoretical protiles have been 
proposed, [9, 12-19] for the region y 30. All 
are very complicated and some cannot be ex- 
pressed in closed form. There is little difference 
in the numerical values calculated from these 
equations, 


Three empirical formulae have been proposed ; 


(1) That of vo~n Karman [2], mentioned 
above. 

(2) That of Dunn [20] and later Scuuincer 
et al, {21}. 


u tanh 0.0695 y (4) 
0-0695 
which is not a good fit with the most 
reliable experimental results, and 
(3) That of Sieicurr [22] 


tan”! 0-091 (5) 
0-091 


This last is as good a fit with experiment as 
any other profile and is at the same time mathemati- 
cally the simplest. Unfortunately since it implies 
that pe it does not fulfil either 
110] or Townsenn’s [11] criterion. 

Two theories about the nature of the flow close 
to the wall are noteworthy. Firstly, Ersrer 
and L1 [19] postulate a laminar layer which grows 
with time until it becomes unstable and breaks 
away, after which the cycle restarts. It can be 
shown from this theory that the least velocity 


of any section Is given by 


Secondly, and Ruxstap.er [23] maintain 


that there are regions of laminar flow. called 
‘islands of hesitation,” separated by regions con- 
taming turbulent vortices. 
Measurements in the region y 30 have been 
(9), 
[24], all 


using air. Their results are too seattered to 


made by 


(15). Suemner [22] and 


distinguish easily between the theoretical protiles 
but they are all close to Siercuer’s empirical 


protile. There are no measurements for liquids. 


APPARATUS 


The measurements were made by the stereos- 
copic photography of minute air bubbles. less 
than 1 1000 of an inch in diameter. moving with 
the liquid. The details of this technique are 
given elsewhere [1, 25]. The measurements were 
made in a 8 in. long, 1 in. diameter cell which was 
litted in the middle of a vertical 10 ft. 1 in. 
diameter extruded perspex tube. Great care was 
taken to make the junction between the tube and 
the cell as smooth as possible. The cell was 
scribed internally with lines to act as a zero for 
readings and was then polished until it felt 
smooth. It was then assumed that the scratches 
were small enough not to affect the flow. 

The tube was held on an angle iron frame firmly 
bolted to the laboratory wall and vibration was 
minimized by having all the moving parts 
mounted on a separate frame resting on rubber 
blocks. 


A 15 in. 15 in. 30 in. galvanized iron tank 


Chem, Engng. Sci. Vol. 16, Nos. 1 and 2. December, 1961. 


R. M. Nepprenman 


was used as a sump. From this the water was 
pumped to a constant head tank of the same 
size fitted with perforated zinc sheets to prevent 
swirl, The perspex tube was fitted directly into 


the bottom of the tank and led to a bank of 


rotameters and then back to the sump. No effort 
was made to smooth the junction between the 
tube and the tank as Drissier [15] found that 
the steady state was reached sooner in these 
gives 45 diameters as a 


The 


circumstances. He 


sufficient entry length. measurements 
were made at 60 diameters. 

The air bubbles were formed by bleeding a small 
amount of air from an aspirator bottle into the 
pump. tank 


the large bubbles rose to the surface and only 


During the residence in the head 


the very small ones went down the tube. 


Work 

Runs Reynolds 
1200, 12,000 and The first 
and was made merely to get an estimate of the 
the The 


The results are shown in Figs. 


EXPERIMENTAL 
made at numbers of 


19.000, 


were 
was laminar 


other two were 


scatter of method. 
turbulent. 
and 3. 
Though it was possible to measure the flow 
rates and temperatures with suflicient accuracy 
it was not possible to control them to that 
accuracy. Consequently the results for any one 
run were taken at various Reynolds numbers (e.g. 
18,500--19,500 for Run 3). As the results, in their 
dimensionless form, should be 


Reynolds number this should be of no consequence, 


insensitive to 


The flow rates were measured by rotameters 
which were calibrated frequently by timing the 
water into a measuring cylinder or a tank resting 
on a 10 The temperature 
measured to 0-1°C at the top and bottom of the 
tube. There was found to be no difference in these 


ewt balance. Was 


The viscosity of the water was 
measured at 25°C by an Ostwaldt 
The result was the same as that quoted by Perry 
[26] so his values of viscosity were taken at other 


temperatures. 
viscometer. 


temperatures. 

It was not possible to measure the skin frietion 
directly. The small pressure drop due to this 
would have been masked by the unknown change 
in density due to the air bubbles. The results 


were therefore made non-dimensional by the 
shear-stress calculated from Moopy’s [27] data, 
Moopy claims an accuracy of + 5 per cent which 
places an upper limit on the accuracy of these 
experiments, 

The method of measurement gives the velocities 
These can be considered 
the 
fluid, because the bubbles are so small as to have 
neghgible drift velocity. Since the flow is tur- 


bulent a range of velocities will be found at any 


of individual bubbles. 


as instantaneous velocities of elements of 


section. To find the mean velocity the instan- 


tancous readings were arranged in order of 


increasing y* and divided into groups of 20, The 
the 
were found and plotted in Fig. 4. 


and root mean 


mean distance, 4 square 
velocity 
The root mean square was thought to be the more 
relevant mean for the velocity as the results would 
then be in line with those obtained with Pitot 
tubes or other devices that give root mean square 
In Run 3 the : 


zw (circumferential) components of velocity were 


velocities directly, (normal) and 


also measured. A distinction is made in Fig. 3 
between those bubbles moving with appreciable 
velocity to or from the wall, showing a general 
and negative. 
the 


than one moving 


correlation between high 


bubble 


greater longitudinal velocity 


Le. a moving towards wall has a 


away from it. 
Discussion 

Fic. | shows that the results for the laminar 
llow lie on a smooth curve. The entry length 
of 60 diameters is less than the generally accepted 
[26] value for flow at a Reynolds number of 
1.200 so a slight deviation from the theoretical 
parabola was expected and was in fact found, 
The smoothness of the curve makes it clear that 
the scatter in Fig. 2 and 8 is due to turbulence 
and not experimental error. 
Fig. 4 that 
insuflicient to give a reliable average. Many more 


It is clear from 20 points are 
points would be needed but this was impracticable 
due to the slowness of the method of measuring 
the velocities. The number was however sufficient 
to determine the order of magnitude of the mean 
velocity which was all that was expected of the 
method. 
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hic. 1. Velocity protile Re 1200 


Fig. 4 shows that there is a difference in the — for the pressure-drop, but this explanation seems 
mean dimensionless velocities of the two runs unlikely. The effect could be caused by the 
which is beyond the seatter of either. This is just velocity profile being a function of Reynolds 
within the uncertainty of Moopy’s expression number. At low Re’s this is so, the profile 


Equation 


Fic. 2. Instantaneous velocities Re 12,000. 
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becoming independent of number 


Reynolds 
Reynolds 
However, it is the results at the lower Reynolds 


assymptotically high numbers, 


number (Run 2) which are in the best agreement 


Instantaneous velocities Re 


v wv’ 202 
=O 

-O2 

2 50 


19,000), 


with Siemurr’s profile for high Reynolds 


that both the 


numbers were high enough to give the limiting 


numbers, Reynolds 


suggesting 


It seems therefore that. unless there is 


Re = 12,000 
» Re = 19,000 
2 be 20 50 


Fic, 4. 


Mean velocities. 
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an error in the estimation of the wall shear stress, 
there must be a systematic but unidentified 
error in one or both of the runs but probably 
in Run 3. 


+0 per cent higher than the scatter in the best 


Great as this error seems it is only 


results for air and is less than the scatter in some 
previous results. 

Figs. 2 and 3 show the instantaneous velocities. 
These 


expected, There are velocity fluctuations below 


form a wedge around equation (5) as 


y 5 showing that the flow here is not steady, 
though the mean velocities (Fig. +) lie close to 
the laminar profile of u y*, showing that the 
eddy viscosity is small. It can also be seen from 
Fig. 2 that Er~sreis and Li's prediction of the 
least velocity at any section is quite accurate. 
The agreement is not so good in Fig. 3 but this is 
consistent with the general lowness of the results 


for that run. 


It can be seen from Fig. 2 that there is a 
shortage of low velocities in the region y 3. 
This causes the mean velocities to lic above 
ut y*. implying a negative eddy viscosity — an 
impossible situation. It is well known that 


in Shear flow there is a repulsion of particles from 
the wall, the particle 
concentration, This is discussed by SarrmMan [28] 


causing gradient in 


though he is unable to explain the effect. In a 
region where a gradient in particle concentration 
exists eddies moving towards the wall are much 
more likely to contain a bubble than those moving 
away. Hence any flow visualization technique is 
biased towards bubbles moving in the direction 
of the wall, and hence towards high velocities. 
The field of view of the cameras was approxi- 
mately 5 mm 5 mm Imm and so several 
bubbles were found on each pair of photographs. 
It was found that 
correlated with each other, that is to say, on no 


these velocities were not 


pair were all the velocities cither high or low, 
showing that the eddies were smaller than the 
field of view. It is not clear from the work of 
Einstein and Li over what area their growing 
layer exists but the implication is that it is large. 
This is contradicted by the above result. On a 
few occasions two bubbles were found, one 
directly behind the other, in which the one further 


from the wall had the lower velocity. This 


situation cannot occur on the Ei~srers—L1 model. 
Similar criticisms can be applied to the Kur 
RusTapLer theory ; the experiments showing that 
if islands of hesitation exist they are less than 
}mm high or 5mm across. The results seem to 
be best explained by the concept of small random 


eddies, 


CONCLUSION 


The velocities in turbulent liquid pipe tlow 
30. It 
their 


were measured in the region 1 y* 
that the 


dimensional form, could not be distinguished from 


was found velocities, in non- 


velocities measured in air by other people. It is 
concluded that Suemuer’s protile is the best 
correlation of the results. 

All previous measurements on the wall region 
have been made using hot-wire anemometers. 
Stereoscopic photography is a more fundamental 
method and this work provides a useful indepen- 
dent check on the validity of hot-wire anemo- 
metry in this region. 
wish to 
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NOTATIONS 
1 — experimental constant 
B = experimental constant 
“ velocity in downstream direction 
i velocity normal to tube wall 
i circumferential velocity 
y — distance normally from tube wall 
€ eddy viscosity 
pe — absolute viscosity 
p — density 
wall shear stress 
Superscripts 
dimensionless form 
arithmetic mean 
~ = root mean square 
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Natural convection cells accompanying liquid-liquid extraction 


(Received 9 June 1961) 


THE TRADITIONAL description of mass transfer in liquid— 
Although the 
two-film theory is adequate for prediction of transfer 


liquid extraction uses a two-film model. 


rates in many ternary systems, a number of exceptions 
have been documented [1]. The latter systems exhibited 
abnormally high rates that could not be explained on the 
basis of pure molecular diffusion. It was found later that 
turbulence 


the high rates were caused by interfacial 


spontancous agitation of the interface between two 


unequilibrated liquid phases. 


Theoretical treatment of the phenomenon was lacking 
until recently when SrerxiuinG and Scriven formulated 
their theory of organized interfacial motion in a flat inter- 
face. Their imaginative paper [2] received wide attention, 
of the Institute of 
Chemical Engineers was granted to these authors as a 


and the Colburn Award American 


result. 


that 
interfacial flows can occur organized in a cellular pattern. 


STERNLING and Scriven predict spontancous 
The basic unit of flow is a roll cell within which liquid is 
circulating. The roll cells are presumed to be analogous 
to Béenxarp cells for heat transfer which are exhibited by 
an unconfined, horizontal, thin layer of pure liquid heated 
from below. BrENARD proved the existence of heat transfer 


cellular convection by still photography [3}. 


Interfacial turbulence has been observed by a large 
number of investigators. In all cases but one the phen- 
omenon was found to be a disorganized and chaotic process. 
Recently Linpre [4] photographed the interface of the 
system isoamyl alcohol-sodium cetyl sulphate-water in 
profile and was able to record a single roll cell with a wave 
length of about 17 mm. 


The object of the experimental work described herein 
is to investigate the existence and characteristics of 
cellular motion during mass transfer. 

In the present study interfacial activity is recorded by 
motion picture and still photography using the Schlieren 
technique. The cameras are aimed straight down viewing 


a flat 65 
room temperature. The lower phase, 15 mm thick, consists 
Ethyl 
acetate forms the 17 mm thick upper phase, The ternary 


85 mm interface between two liquid phases at 
of a solution of acetic acid in ethylene glycol. 
system used here is of Type I. 


It is not subjected to any 
form of forced convection during the tests. 


The Sternling Scriven theory predicts that this system 
should exhibit roll cells. Fig. 1 proves the existence of a 
network of polygonal cells on the interface itself. An 
analysis of the schlieren motion pictures indicates that, in 
the heavy phase, liquid rises in the centre of these polygonal 
cells, reaches the interface, and flows radially outward to 
sink down at the cell boundaries. 


Polygonal cells are found to be either stationary, 
occupying a fixed position, or propagating across the inter- 
face. Both types increase their size with time, in accordance 
with theory. Average cell size ranges from 0-04 to 0-14 em. 
These sizes are within 50 per cent of the predicted roll 


cell wave lengths. 


\s time passes the cells not only increase their size but 
also change to elongated stripes which appear in clusters 
as shown in Fig. 2. After a long time this pattern evolves 
into slow-moving, widely spaced concentric ripples (Fig. 3). 
These become fainter and fainter and finally disappear as 
the system approaches equilibrium. Interfacial activity 
has been observed to last as long as 72 hr. 

Patterns similar to Figs. 1 and 2 were observed by 
Benxarp for heat transfer. The ripples in Fig. 3 however 
are unexpected either from the Sternling-Scriven theory 
or from previous observations. 


Experimental work in this study is continuing and will 
be reported in due time. 


E.1. du Pont de Nemours and Company 
New Johnsonville, Tennessee 
Department of Chemistry and Chemical Engineering 
University of Illinois 

Urbana, Illinois. J. 


ALuF ORELL 
W. WesTwaTer 
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Heat transfer coefficients at the entry to the heating section 


(Received 3 February 1961) 


IN A recent investigation |1) of heat transfer to aqueous 


suspensions of spherical particles both when fluidized and 
during hydraulic transport the possibility wus considered 
of caleulating the heat transfer coeflicients from the tem- 
perature gradient in the pipe wall immediately upstream 
Heat is transferred by condue- 


from the heating section, 


tion along the tube-wall away from the heating section, 


and, in the steady state, the longitudinal temperature 


gradient will be a function principally of the heat transfer 
coeflicient to the fluid or suspension and the thermal 
conductivity of the wall material. 

The following derivation applies in the steady state, and 
takes into account the effect of the rise in temperature of 
the fluid and the effect of fluid back-mixing. 

The 


heat source, 


fluid is assumed to flow from towards the 


and the mean thaid and the wall temperatures 


eot 

‘| 

a Z i 
dq 

36, 


Fic. 1. 


O, and 0... respectively, are assumed to be equal to each 
other at y ¢, where they are arbitrarily assigned the 
value of zero. Hence @, and @,, are, respectively, the rise 
in the mean temperature of the fluid and the temperature 
of the wall from infinity to y. The temperature @, of the 
bulk 
i.c., the temperature if the uid at y were perfectly mixed. 
The 


fluid at y is taken to be the conventional mean, 


average temperature of the clement of thiid shown 


in Fig. 1 will change because of heat transfer from the walls 
and because of the conduction of heat axially through 


the thaid. 
form by 


The change may be expressed in differential 


D* 


0 
all Con d* Of 
dy 


de 


dy* 
The amount of heat owing into the wall segment bounding 
the clement must equal the amount of heat flowing out 


plus the heat transferred to the fluid and hence 


kn (D2 d 


DW 
dy? 


Or). (2) 


Equations (1) and (2) may be combined by differentiation 
of (2) and simplified to vield 


ky kb heb ‘ 
Cpuk dy" h dy? 
pu Cp aD, | dy- dy 


The exact solution of this equation to determine / ts 
possible, but is extremely tedious without the aid of a 
computer. 

However, 
and, provided the wall thickness is small compared with 


equation (2) may be solved directly, 


the pipe diameter, may be written 


20 
d O., h 0 0. (4) 


dy? kh 


By applying the boundary conditions d 0, dy = 0 at 


4 and at y 0, the solution in terms of 
is found to be 
EXP [ y kb) y| (5) 


where # is assumed to be constant. If the effect of axial 
back-mixing is small, the heat transferred to the fluid 
from « to y will be equal to the heat flow down the 
pipe-wall at y, and hence @;, the mean fluid temperature, 


may be determined : 


h 
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4y (hk b) 


and OF (7) 
In the practical case of the turbulent flow of liquids 
C p uD, is usually very large relative to 4 y (/4kb) and hence 
@, is very small with respect to @,. Although @,, is 
theoretically equal to @, only at infinity, in practice it 
will be indistinguishable from @; at only a few pipe- 
diameters below the heating section, and the pipe need not 
be very long for equation (5) to be valid 

The apparatus shown in Fig. 2 was constructed to check 
heat transfer coeflicients calculated by means of equation 
(5) against those obtained by conventional methods. The 
heat-transfer section of this apparatus consists of a 2in. 
id. brass tube fitted with a Sin. id. brass steam-jacket. 
The wall temperature @,, was measured by means of seven 
copper-constantan thermocouples mounted at in. 
intervals below the jacket. The leads were wound around 
the circumference of the pipe as shown in Fig. 3 in order 
to minimize the effects of conduction. 


Fic. 5. 


of the wall 
temperature @,, for a series of runs at different velocities 


Experimental measurements were made 


both with water alone and with a system of 1-53 mm glass 
spheres fluidized in water. The heat transfer coeflicient 
was determined from the slopes of plots of log), @,, against 
y, which should be linear for constant A according to 
equation (5). The slope of the curves will be equal to 

(1/2303) y/ (hbk), from which may be computed. 
Typical plots of log,, @,, against y are given in Fig. 4 
for water, and in Fig. 5 for the fluidized system. It is 
seen that the plots are linear, indicating that over the 
short distance considered (} in.) A is constant. A _ log- 
arithmic plot of the heat transfer coeflicient A against 


velocity u is given in Fig. 6 for water (Curve A). It is seen 


woter 


Fic. 6. 


that the slope of the curve is 0-8, as expected, but that 
the actual values of the heat transfer coeflicient are about 
double those obtained by conventional means [2] and 
predicted by equation (8) (Cufve B). 


AD; _ (Petr) (‘ “) (8) 
ky ky 

Also plotted in Fig. 6 (see curve C) are some values of 
the heat transfer coeflicient which were calculated using 
equation (5), but where the thermocouples were located 
In this case, if 
both the heat in the wall and the fluid are now considered 


downstream from the heating section. 


if the axis is reversed, and 
0 at infinity, equation (2) will still be valid, 


to be flowing from 0 to o&, Le. 
if 0, = OF 
as will the solution given by equation (5) because once 
again 0; <— @,. These values are more scattered, but the 
average values are much less than those obtained by 
conventional means. 

Very similar results were obtained from the measure- 
ments with fluidized beds, where the coeflicients obtained 
at the entry to the heating section were found to be more 
than twice as great as those obtained by the conventional 
method (Fig. 7). 

These phenomena are readily explained, since, at the 
entry to the heating section, the thermal boundary layer 
has not reached an equilibrium thickness, and hence the 
heat transfer coefficient in that region is greater than that 
under conditions of fully developed flow. At the exit to 
the heating section, on the other hand, the thermal boun- 
dary layer is already formed, and the heat transfer 
coeflicients measured are much less than the average in 
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the heating section because the presence of the hot laminar 
sub-layer prevents the temperature decay in the wall. 


~ 


col/hr 


Fic. 7. 


These results show how local values of the heat transfer 
coellicient can differ from the average values, and illustrate 
the approximate nature of the model based on the bulk 
mean temperature difference — 

Equation (6) may be used to determine when a correction 
for end-effect error should be included in the conventional 
method for determining heat transfer coefficients, Usually 
Gq Will be very small compared with the total heat input, 
but under certain conditions (e.g. where b and D; are large 
and 6 high and where the heating section s very short), 


Department of Chemical Engineering, 
Imperial College, London, S.W.7. 


*Present address: Department of Chemical Engineering, 


Yq May be significant compared with the total heat input 
and a correction should be made. 
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NOTATION 

wall thickness I, 
heat capacity of fluid HM-!@-! 
Internal diameter of pipe L 
External diameter of pipe 1, 
heat transfer coeflicient HL-? T-! 
Thermal conductivity of wall material 

LH-' T-! 
Longitudinal conductivity of fluid = 
Rate of heat flow down tube-wall HT! 
Velocity of fluid in the y direction LT-! 
distance from heat source 1. 
fluid temperature, — Oat y 0 
wall temperature, = 0 at y 0 
density of fluid ML-* 


viscosity of fluid ML-! T-? 


J. W. Smrru* 


University of British Columbia, Vancouver 8, B.C., Canada. 
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A note on boundary conditions for flow reactors 


(Received 22 May 1961) 


Tue proper boundary conditions to use for flow reactors 
with diffusion has received much discussion in recent 
years. Danckwerrts [2] discussed the case of no diffusion 
in the sections leading into and out of the chemical reactor, 
with a first-order reaction occurring. The boundary 
condition at the reactor entrance was taken to be (see 
Fig. 1), 

D de (Or) 


u ad 


ty = (O-) = (0%) (1) 
This was obtained by a mass balance, and yields a dis- 
continuity in the concentration at this point. Since there 
is no diffusion in the entrance section, the concentration 


is constant throughout the section, and equation (1) can 
be written as, 
D de 

“ dz 
where ¢,(— ©) is the concentration at some point up- 
stream of the reactor entrance. The boundary condition 
at the outlet was taken to be 


de (L~) 
dz 


0 (3) 


This was obtained from a mass balance by intuitive 
reasoning. 
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Entrance Section 
Flow 


Ch D,, 


Reaction Section 


Exit Section 


Diu Ce 


Prarson |6) later showed that the boundary conditions 
used by Danckwerts for this case are the proper ones 
by re-solving the problem with a diffusion coeflicient that 
varied continuously throughout the entrance, reaction, and 
exit sections. This coeflicient was chosen such that in 
the limit it approached the discontinuous one used by 
Danckwerts. Pearson then showed that the continuous 
solution approached the solution of Danckwerts in the 
limit, thereby justifving Danckwerts’ boundary conditions. 
ARIS and \MUNDSON [1 also deduced equation (1) from 
robability considerations 

Weuner and considered the more general 
problem of arbitrary values of diffusion coeflicients in 
each section. This situation is more logical from a physical 
point of view since diffusion effects are never completely 
absent in any part of a real system. By solving three 
simultaneous differential equations for the entrance, 
reaction, and exit sections with a first-order chemical 
reaction occurring, they obtained analytical solutions for 
each section. From these solutions, the following conclu- 


sions were obtained : 


1. at the entrance boundary, the total flux is always 
given by equation (2) for any (finite) values of the diffusion 
coeflicients. Note that with diffusion in the entrance 
section, ¢, | (O°), so that equation (1) is not 


true for D, 0. 


2. At the exit boundary, equation (3) is true, again for 
any (finite) values of the diffusion coeflicients. ‘The solution 
for the reaction section is independent of the conditions 
in the inlet and outlet sections and thus the differential 
equation for the reaction section can be solved by itself 
with equations (2) and (3) to give the same result as would 
be obtained from the simultaneous solution of the differen- 


tial equations for all three sections. 


All of the preceding work was done for only first-order 
chemical reactions, since complete analytical solutions 
cannot be obtained for other cases because of the non- 
linearity of the differential equations. The numerical 
solution of the three simultaneous differential equations 
for a non-linear reaction would be tedious, and so authors 
dealing with these non-linear cases have assumed that the 
conclusions obtained by Danckwerts or Pearson, or by 
Wehner and Wilhelm were true in general (3, 4, 5}. 

We shall now show that the conclusions reached by 
Wehner and Wilhelm are true for any order of reaction. 
The equations to be solved are, 


O sz 0 (4) 
d=? dz 
d* he 
fie) O (5) 
dz 
», 
Dy 0 : L (6) 


u, dz 


with the general boundary conclitions, 


(7) 
(Ss) 
D, de, (O Ddce(o 
dz “ dz 
(10) 
DdeiL-) D, de, 
. 22 (11) 
“ dz dz 


As stated previously, a complete analytical solution to 
this svstem of equations is not possible because of the non- 
linearity of equation (5). However, the solutions to 


equations (4) and (6) can easily be found, 
A, (13) 
(14) 


In order to satisfy the boundary conditions (7) and (12) 


1, 0 
Thus 
Ce A, (15) 
i, (16) 


The remaining constants, 1, and Ay, would be found 
from equations (8) to (11) in conjunction with the solution 
of equation (5). However, these constants need not be 
known in order to arrive at our conclusions. 


From equation (15), 


(O°) Ce A, (17) 
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(18) 
dz dD, = 


Substituting equations (17) and (18) into equation (9) 
gives, 
D de (Or 
Thus equation (2) is true for any finite value of the diffusion 
coeflicients for any order of reaction. From equation (16), 


de, (L*) 
dz 


(20) 


Substituting equations (20) and (10) into equation (11) 
vives, 
de 
dz 


0 (21) 


which is the same as equation (3). 

Kquations (19) and (21) show that the conclusions 
reached by Wehner and Wilhelm for first order reactions 
are also true for reactions of any order, and the assump- 
tions used by [3, 4, 5] were correct. The advantage of 


using equations (19) and (21) rather than equations (7) 
to (12), which are true in general, is that the differential 
equation for the reaction section may be solved indepen- 
dently of those for the entrance and exit sections. Thus, 
rather than three simultaneous differential equations, 
only one must be solved, which is much easier. 


Kenneru B. Biscnors 
Department of Chemical Engineering 
The University of Texas 
lustin 12, Texas. 


(Work done while National Science Foundation Post- 
doctoral Fellow at the University of Gent, Belgium). 


NOTATION 


1 integration constant 

c reactant concentration 
D diffusion coefficient 

J ~ rate function for chemical reaction 
L length of reactor 

“ velocity 


axial coordinate 


Subse ripts : 
0 refers to initial concentration of reactant 
1 refers to entrance section 


2 refers to exit section 
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Unsteady state heat transfer in stationary packed beds 


( Received 15 June 1961) 


IN AN earlier paper under the above title in this Journal [1] 
we presented two sets of exact solutions to the given heat 
transfer problem — equations (lla, b) and (12a, b) in that 
paper which analytically were perfectly equivalent. 
As we have learnt that in actual practice eq. (11 a, ») 
have distinct advantages over eq. (12 a, b), we should 
like to comment on our previous article as follows. 

Comparison of eq. (11 a, b) and (12 a, b) shows that 
eq. (11 a, 6) contain the arbitrary temperature distribu- 
tion functions 0, and @, as such, together with the second 
derivatives of the function F ; eq. (12 a, 6) contain the 
first derivatives of the arbitrary functions @, and 04, 
together with the first derivatives of F. 
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In actual practice eq. (11 a, b) is likely to work more 
accurately than eq. (12 a, b), since the (empirical) fune- 
tions 7, and @, need not be differentiated. 

Furthermore, the second derivatives of F, which occur 
in eq. (11 a, 6) can be reduced to the following simple 
formulae : 


e YZ] (2,/YZ) 1) 
F — 
¥-% 1, (2y/ YZ) (2) 
V YZ 
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F 
1, (2y YZ) (3) 
V YZ 


Eq. (1) follows directly from the former eq. (13). 
Eq. (2) and (3) follow from this eq. (1) and the derivatives 
with respect to Y and Z of the former eq. (7). 

These three formulae* are more convenient than the 
first derivatives of F which occur in eq. (12 a,b). Whilst 
the former eq. (17 a, 6) and (18 a, b) give these first 
derivatives with sufficient accuracy, they cannot be 
employed for Y and Z under 2. As the integrals in eq. 
(12 a, b) also extend over these low values of Y and Z, 
ONSAGER’s more involved approximation of the derivatives 
or the exact power series for F has to be used as well. 
This complicates the application of eq. (12 a, 6). 

It must be concluded that, in view of the above eq. (1), 
(2) and (3), the solutions represented earlier by eq. (11 a, b) 
for the practice of numerical computation are more 
accurate and more convenient than eq. (12 a, b). 

The modified Bessel functions J, (4) and J, (4) have 
been tabulated for 0 “ 10, eg. by Jaunke and 
Eupe (2). For higher values of the variable, which will 
often be of interest in these heat transfer problems, the 
following well-known series expansions are useful : 

75 


I 


(1 1 
\ 2 Su 128 «* 1024 


*The following limits are also of practical interest : 


2, 
lim lim : 
lim lim Ye! 
y-o$§ y? §Z2 


) 


For the present practical purposes these series may be 
truncated after the second term. Substitution in the above 
equations gives the following approximate formulae for 


3 15 105 
(u) 1 - 


V2nru Su 1282 1024 


the cases where y YZ 5: 


F 0-065 
A (6) 
bY \ 
F K (1 (7) 
y? \ YZ 


(8) 
in which A O@s2te (VY 
The coeflicients 0-065 and 0-190 contain small corrections 
for the terms ignored. This increases the accuracy of the 
formulae for relatively low values of yy YZ. For 
y YZ 5 they are less than per cent in error, 
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Book Reviews 


C. R. Buxron and H. S. Jackson: Translation from 
Russian for Scientists. Blackie, Glasgow 1960, 299 pp.. 
30s. 


Tur vaLve of Russian to scientists has become increasingly 
evident during recent years and two useful small text books, 
MAXIMILIAN FourMAn’s Science Russian Course and 
Dennis Wanrp's Russian for Scientists, have been published 
to satisfy some of the needs of technical specialists. The 
former consist of a short introduction to Russian grammar 
followed by a series of extracts relating to various fields 
of scientific study, while the latter provides a more detailed 
background to the language with exercises for the 
would-be translator. Both books, which are relatively 
cheap, include vocabularies and may therefore be used 
without a dictionary. 

(. R. Buxvon’s and H. S. Jacksons’ Translation from 
Russian for Scientists is a more ambitious work. Its scope 
is more comprehensive than that of either of the two 
above-mentioned books because, although entirely original, 
it represents an excellent combination of both and hence 
justifies its higher cost. 

The authors have divided the book into five Sections. 
Section A —a little less than a third of the volume - is 
devoted to grammar and supplies the reader with a clear 
explanation of all grammatical difficulties which he is 
likely to encounter, It might perhaps have been helpful 
to beginners if this Section were printed with stress-marks 
on the emphasized syllables, at least in the pages allotted 
to Reading Practice (pp. 7-16), as this could be of great 
assistance to those who hope eventually to be able to 
pronounce as well as read Russian. In other respects this 
Section is admirably devised and pp. 73-89 on Word 
Formation, the intricacies of prefixes and suffixes ete. 
should be particularly valuable to scientist readers. 
Sections B and C provide illustrations of the lessons already 
taught. The former contains a graded series of Sentences 
for Translation (both ways) with notes and individual 
vocabularies incorporating cross-references to explanations 
listed in Section A ; in the latter the authors have prepared 
seventeen Annotated Texts, the first five of which are so 
printed as to afford the reader the maximum guidance 
in translation. The two final Sections contain short 
excerpts covering a wide variety of scientific topics, the 
English titles of which are given in the Contents, Section D 
includes ninety-two passages relating to the field of 
Physies and Electrical Engineering ; Section FE includes a 
further seventy-six relating to that of Chemistry and 
Chemical Engineering. There are two pages of useful 
abbreviations, a full vocabulary and an index. 

The book is well produced and has very few misprints. 

P. 5. Squire 


Radioactive Wastes—-Their Treatment and Disposal. 
Edited J. C. Couns. E. and F. Spon, London 1960. 
xxi 239 pp. 55s. 


Tue raprip developments which have taken place in the 
last two decades in the field of atomic energy, whether 
in the operation of nuclear reactors and the associated 
irradiated fuel chemical separation plants, or in the 
widespread use of radioactive isotopes in industry, 
research laboratories and in hospitals, have lead to 
difficulties in disposing of increasingly large quantities of 
radioactive waste. This may be gaseous, liquid or solid and 
each presents special problems and may lead to dangers 
to present and future generations. This book which 
explains the problems and describes the methods which 
are at present in use for radioactive waste disposal, is 
intended for civil, municipal and chemical engineers, 
factory inspectors, medical officers of health, industrial 
chemists and biologists who are concerned with disposal 
of our domestic and industrial wastes. It is particularly 
appropriate at a time when legislation to deal with all 
aspects of the handling of radioactive materials is under 
consideration. 

Mr. J. ©. Consus, Lecturer in Civil Engineering at 
Manchester University, is the General Editor of the book 
which contains ten chapters each written by experts in 
their particular subject. The first four chapters deal 
very adequately with necessary background information. 
Thus the first chapter describes the nature of radioactivity, 
decay processes and units. This is followed by a survey 
of the sources of radioactive wastes, a very good chapter 
on radiological hazards and a description of the various 
methods available for the assay of radioactivity. The rest 
of the book is devoted to methods of disposal ; liquids, 
solids and gases are covered separately. Special mention 
should be made of the chapter dealing with the present 
and proposed legislation concerning users of radioactive 
materials. 

The treatment is mainly descriptive and is such that it 
is very suitable for the professional persons for whom it is 
intended. The chemical engineer who is new to the subject 
will find it useful for background information but, if he 
wishes to consider radioactive effluent plant design, it 
will be necessary to go to the extensive literature which is 
now available and to which reference is made at the end 
of chapters. 

It seems a pity that so little mention is made of labora- 
tory wastes. Many municipal engineers, factory inspectors 
and even medical officers of health are becoming faced with 
the problems involved in disposing of relatively small 
activities of a variety of radioactive materials. Whilst 
there is no complete solution to this problem at present, 
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it would have been useful to give guidance as to the 
amounts of solid radioactive waste which can be disposed 
of in a local authority tip or the amount of liquid radio- 
active waste which can be discharged to a sewer. 

The glossary of terms, svmbols and abbreviations, more 
valuabk 
but it does seem unfortunate to continue the use of the 
symbols RaF for Po?! or Polonium-210, ThX for Ra®* 


or Radium-224 ete. in a book published in 1960. 


extensive in this book than is usual, are most 


This is an excellent book, even though rather expensive 


at 55s., and is strongly recommended to the class of 
readers for whom it is intended. 


G. R. Haw 


Applied Thermodynamics, D van 
230. 30s. 


Ss. H. 


Nostrand Company, London 1960. pp. vil 


: 


Thermo - 
120. 


G. Harecrraves: Elementary Chemical 
dynamics, Butterworths, London 1961.) pp. viii 


10s. tcl. 


These two paper-backed issues continue the admirable 
trend of books for 


to their pockets. Courses are now so crowded with lectures, 


issuing students in a form suitable 


seminars, calculations classes and the like, not to mention 
practical work, that any move which will encourage the 


Sore 


opposite tendency is to be welcomed. vears ago a 


man went to a university to ‘read’ for a degree, today 


he seems to go to a university to * study chemistry 


chemical engineering. Undoubtedly one of 


of attitude has been a dearth 


or to * do’ 
the causes of this change 
books at the 


scICcnce 


of suitable right prices, especially at the 


growing points of and technology. This has 


encouraged the multiplication of lectures to * cover the 


svilabus * and the degradation of their function from the 


critical and evocative to the merely didactic. Given 
suitable books, however, the reversal of this trend becomes 
possible, and would be welcomed by students and teachers 
alike. In principle therefore, any good book at the low 


price level of the 
welcome and may hope for a recommendation as a book 


two under consideration may expect a 


for students to buy and read. 

Dr. Bransom’s book is unusual, a definite departure from 
the beaten track of textbooks on Thermodynamics for 
Physicists, Thermodynamics for Chemists, Thermodyna- 
mies for Engineers. The ground it covers is essentially 
that required for students of Chemical Engineering at 
second or third vear university standard, but it could 
with profit be read by any whose studies bring them into 
touch with applied thermodynamics. The method of the 
book is eclectic rather than exhaustive, but the 
of references both to original papers and to books should 


chapter on 


inclusion 


stimulate the necessary wider reading. The 


Equilibria seems inadequate : phase and reaction equilibria 
together merit more than the rather brief treatment, ten 
pages, here given, in which reaction in solution, in particu- 


lar, receives the barest mention. It is disappointing, too, 


that the reader of this chapter is not directed to Denbigh’s 
excellent “ Principles of Chemical Equilibrium * (although 
this book is referred to elsewhere). 

In it the theme 
draw 


The final chapter is most stimulating. 
and together 
Here, too, 


some of the defects of the chapter on Equilibria, at least 


of Distillation is used to illustrate 


many of the principles of the earlier chapters. 
vapour-liquid made good. 


as regards equilibria, are 


Altogether, an able book which can be recommended for 
acquisition by students of thermodynamics. 

Mr. HarGreaves’ book is rather slighter. “ It is intended 
for Higher National Certificate and B.Sc. students who are 
starting thermodynamics for the first time.” It consists 
of very brief statements of the first and second laws of 
thermodynamics conceived of as postulates from which 
the rest follows. It is interesting, and praiseworthy, that 
in these statements it is not found necessary to * limp 
eceentrically round half-completed cycles. However, 
perhaps from their very brevity, these statements are on 
Thus the derivation (pp. 73 74) 
Tds leaves an impression 
that it is only applicable to constant pressure reversible 
\fter 


continues 


occasion misleading. 


of the equation dl 
PROCESSES. these statements of fundamentals the 


book 
State, the Law of Mass Action, and the Effect of Tempera- 


with applications, treating Change of 
ture on Equilibrium, with worked examples by way of 
illustration. of the is untidy; for 


example in the derivation (pp. 79-80) of the Clausius 


Some presentation 
Clapeyron equation, it is confusing to use the words state, 
phase, and species as synonymous. 

Asa 


This book can be recommended with reservations. 


convenient summary in the hands of a good first-year 
student of chemistry attending good lectures, it could be 
very useful, but the discussion of critical points is not full 
enough for it to be safely put into the hands of someone 


studving alone or with only intermittent supervision. 


HlurcHinson 


G. Tixe: Gas Sampling and Chemical Analysis in 
Combustion Processes. Pergamon Press, London 1061. 
xv 94 pp., 42s. 


Ir 1s made clear in the preface that this book, No. 47 in 
the AGARD series, is a review of experimental technique 
as applied to combustion phenomena of interest in aero- 
nautics. Professor Tine, of the University of Naples, 
studied his subject during recent visits to about thirty 
laboratories in Britain, France, Germany and the United 
States. 

The major part of the book, fifty-three pages, is devoted 
to sampling, and possible errors are divided into two groups 
according to whether they originate outside or inside the 
sampling probe. The first hind of error occurs if the probe 
interferes with the combustion process, or if the nature 
of the flow outside the probe prevents the collection of 
a representative sample. The second kind of error occurs 
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if the composition of the sample alters after it has entered 
the probe, and may be avoided or minimised by quenching 
by means of forced convection cooling, expansion, dilution, 
or a combination of these methods. An outline of relevant 
theory is given, but in general the author concludes that 
at present this is of limited assistance in estimating 
sampling errors, because the practical situations are 
so complex and many of the factors are not accurately 
known. He suggests some practical methods of testing 
sampling systems; one method involves preparing a 
uniform suspension by pouring a known quantity of 
particles through a sieve into still air, and this seems rather 
optimistic. 

The remaining thirty pages are devoted to a short 
review of gas analysis, especially physical methods. Jet 
engines produce rather dilute exhaust gases, and several 
pages are devoted to the analysis of such mixtures. 

Of the 127 references, two are dated 1959 and the rest 
are earlier. There is no author index, and the subject 
index contains only 57 entries and is of limited value. 

So short a book could not cover the whole field of gas 
sampling and analysis, but there are omissions even in 
the limited field considered. For example, the thermal 
conductivity method is stated to be suitable only for 
binary mixtures, without mention of an ingenious exten- 
sion to ternary mixtures by Minter and Burpy in 1951. 
Nevertheless, the importance, and the difficulty, of ensur- 
ing that samples are representative make this systematic 
survey gas sampling useful and stimulating. 


M. J. G. Witson 


Proceedings of the Fourth Conference on Carbon, 
University of Buffalo, 1959. Pergamon Press, London, 
1960. Nii 778 pp. £7. 10s, 


Tuts volume contains, in English, all but five of the papers 
submitted to the Fourth Conference on Carbon, co- 
sponsored by the American Carbon Committee and the 
University of Buffalo, and held at the latter university, 
15-19 June, 1959. It is the third volume of a series, the 
previous books having covered the first three carbon 
conferences. These biennial meetings on carbon in the 
U.S.A. seem to have become firmly established as a forum 
for physicists, chemists and technologists interested in 
carbon, its production and its applications. The American 
Carbon Committee is composed of members who represent 
university, government and industrial laboratories 
studying such diverse forms of carbon as diamond, natural 
graphite, electrode carbons and graphites, carbon black 
and activated carbons. 

The Committee attempts to ensure that these 
conferences are truly international in character. Out of a 
total of eighty papers, over half were from the U.S.A., 
fourteen were from Great Britain, seven were from France 
and six from Japan. 

The papers are grouped into five sessions, the first one 


being mainly concerned with the surface properties of 
activated carbons, charcoal and carbon blacks, but papers 
on oxidation are also included. The reactions between 
carbon and gases such as oxygen, carbon dioxide and steam 
over a wide range of temperatures and pressures, are of 
yreat importance to technology. The information given 
may throw light on problems of combustion, the behaviour 
of graphite in gas-cooled nuclear reactors, gas-manufac- 
turing technology and the smelting of ores. Some of the 
techniques used by authors in this section are particularly 
fascinating. Hennic, for example, has studied a number 
of the chemical reactions of graphite by making kinetic 
studies on single crystals and by simultaneous clectron 
microscope studies. It has been observed that graphite 
crystals irradiated by neutrons react more rapidly with 
oxygen than unirradiated crystals. This was attributed 
to oxygen attack at vacancies and vacancy clusters. 

The second group of papers, on electron properties, is 
mainly of interest to the solid state physicist, but the third 
group contains information of interest to those concerned 
with carbonization processes. Basic investigations into 
the chemical and physical changes occurrig during then 
coking of industrial materials such as coal, tar and pitch 
are always handicapped by the fact that the starting 
materials are cnormously complex and ill-defined. In an 
attempt to overcome this difliculty it is becoming common 
practice to study the carbonization of pure chemicals or 
single polymers. Studies have been carried out on the 
formation of carbon from polyvinylidene chloride, from 
benzene, from acetylene and even from certain vat dyes. 

The next session was concerned with mechanical and 
thermal properties. Chemical engineers and others using 
graphite as a material of construction are probably aware 
of the fact that industry produces many different grades. 
Although it may seem to be a relatively easy matter 
to break a few samples of graphite in order to determine 
its strength, an interpretation of the mechanical behaviour 
of carbons and graphites is diflicult in view of their 
complex structure, Relatively little is known about the 
way in which the coke grains or the crystallites are bonded 
together. Davipson and Losry rightly point out that 
the nature of the voids between the crystallites has not 
yet been thoroughly studied. Graphite as a porous 
medium should present a fascinating challenge to students 
of fluid flow since it is such a versatile material. It is 
lamentable that no detailed study of the permeability to 
fluids of graphites and carbons has vet been reported. 

The fifth and final part of this volume is headed “Carbon 
Technology, Friction and Wear.” This section is lacking in 
information concerning the preparation and manufacturing 
processes of carbons and graphites, thus reflecting the 
blanket of secrecy which exists over commercial operations. 

In fact, the session seems to be unduly weighted with 
papers on friction and the behaviour of carbon brushes. 
However, the Armour Research Foundation describe some 
work in which the conventional pitch binder used in 
graphite production was replaced by synthetic resins in an 
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attempt to obtain superior physical properties in the final 
artefact. 
mental programme of its Chemical Engineering Division, 


A paper from Harwell referred to the experi- 


which has the object of making practical variations in 
manufacturing conditions, observing the effects of these 
on technical properties and where possible, correlating the 
latter with the structural Results 
derived from pore structure variations only are described. 


basic parameters, 

It is very regrettable that the discussions which took 
place at the Fourth Conference on Carbon are not recorded. 
Carbon technologists, apart from the few who attended 
the conference in person, must rely entirely on their own 
critical faculty when they study the so-called Proceedings 
of the Conference. It is also sad that there should be a 
lapse of sixteen months between the conference and the 


publication of the papers, particularly so when it is 
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realised that there is only a lapse of twenty-four months 
between succeeding conferences. One reason for this delay 
may perhaps be in the fact that the papers do not have to 
be written before the conferences are held. 

This up-to-date survey of carbon technology will be 
valuable to physical chemists, solid state physicists and 
all types of research worker in every branch of the carbon 
industries. However, it is unlikely to interest chemical 
engineers, unless they are either directly engaged with 
carbon production processes or are greatly concerned 
with the use of graphite as a material of construction. In 
the latter connexion, it is noteworthy that the applications 
of graphite are extending rapidly, particularly concerning 
the use of speciality materials where high temperatures are 
encountered, such as in nuclear reactors, heat exchangers 


and space rockets. F. Roperrs. 


VOL 
16 
196 


VOL, 
16 
1962 


SELECTION OF CURRENT PAPERS OF INTEREST TO 
CHEMICAL ENGINEERS 


R. J. Newcomar and R. Woops: High speed cinematographic investigations at the dropping mercury electrode. 
Trans. Faraday Soc. 1961 57 130-134. 


A. E. Nitisen : Diffusion-controlled growth of a moving sphere. The kinetics of erystal growth in potassium perchlorate 
precipitation. J. Phys. Chem. 1961 65 46-49. 


A. G, Ogsron: On the variation of the sedimentation rate of spherical particles with concentration. J. Phys. Chem. 
1961 65 51-53. 


R. J. Bearman and V.S. VaipiyaNarnan : Composition dependence of the thermal conductivity of regular solutions. 
J. Chem. Phys. 1961 34 264. 265. 


R. H. Marcarvey and R. L. Bisuor: The wake of a moving drop. Nature, Lond. 1960 188 735-736. 

P. N. Rowe and P. F. Wace: Gas-flow patterns in fluidized beds. Nature, Lond. 1960 188 737-738. 

N. G. Maroupas and H. Sawisrowskt: Surface renewal and interphase mass transfer. Nature, Lond. 1960 188 1186. 
S. NaGata: Mass transfer in liquid solid agitation systems. Kagaku Kogaku 1960 24 618-626. 


S. Nacata and I. Yamacucnt: Mass transfer and chemical reaction in liquid-solid agitation systems. Kagaku 
Kogaku 1960 24 726-735. 


» Nacava, L. Yamacucut and M. Harava: Mass transfer and chemical reaction in liquid liquid agitation systems. 
Agitation effects on the internal mixing of droplets. Kagaku Kogaku 1960 24 742 748. 


RK. Kocn: Some modern methods for increasing the mass transfer in absorption processes. Przem. Chem. 1960 39 
265 269. (In Polish). 


. V. Ropu : Mass transfer between a mobile and a stationary phase—I1. Mechanism of successive differential extraction. 
Lucranile. inst. petrol. si graz Buchuresti 1959 5 109-123. 


. V. Ropu: Mass transfer between a mobile and a stationary phase—II1, Differential absorption. Lucranile. inst. petrol. 
st graz Buchuresti 1959 5 125-129. 


t. Darmois: A study of some packed distillation columns. Rev. Inst. franc. Petrole 1960 15 1708. (In French). 
K. Nisuikawa: Nucleate boiling under reduced pressure. Mem. Fac. Engng., Kyushu 1960 19 63-71. 


A. Vienrs : Mass transfer between two fluid phases. Rate of passage of a constituent across the interface of two phases. 
J. Chim. Phys. 1960 57 980. 11. Diffusional rate of transfer of one constituent between two semi-infinite phases. 
Ibid. 1960 57 991. III. Influence of surface-active agents on the transfer rate. Ibid. 1960 57 999. (In French). 


B. V. Dersacuin and 8. 8. DuKuin : Theory of flotation of small and medium size particles. Bull. Inst. Min. Metall. 
1961 70 221-246, 


LIST OF JOURNALS REVIEWED REGULARLY 


The principle by which these journals are selected is that they are likely to contain occasional articles of interest to 
chemical engineers, but that they are not journals which often are available to or read by chemical engineers. 
Proceedings of the Royal Society : Series A 
Philosophical Transactions of the Royal Socicty 
Philosophical Magazine 
Transactions of the Faraday Society 
Nature (London) 
Quarterly Journal of Mechanics and Applied Mathematics 
Journal of Fluid Mechanics 
Journal of Applied Physics 
British Journal of Applied Physics 
Proceedings of the Physical Society of London 
Chem, Engng. Sci. Vol. 16, Nos. 1 and 2. December, 1961. 
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Quarterly of Applied Mathematics 
Journal of Mathematics and Physics 
Americal Journal of Physics 
Quarterly Reviews 
Journal of Physical Chemistry 
Journal of Chemical Physics 
Applied Scientific Research (Series \) 
Transactions of the American Institute of Mechanical Engineers, including : 
Journal of Engineering for Power (Series A) 
Journal of Engineering for Industry (Series B) 
Journal of Heat Transfer (Series ©) 
Journal of Basic Engineering (Series 1)) 
Journal of Applied Mechanics (Series E) 
Transactions of the Institute of Mechanical Engineers (London) 
Journal of the Institute of Petroleum 
Journal of the Roval Acronautical Socicts 
Journal of Meteorology 
Quarterly Journal of the Royal Meteorological Society 
Journal of Scientific Instruments ‘ 
Journal of the Electrochemical Society 


Journal of Applied Chemistry 
Bulletin of the Institute of Mining and Metallurgy 
Also, various Continental, Chinese, Japanese and other journals occasionally. 
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Va. G. Gonosucnenko, A. G. Bankix, V. G. Mayvonov and S. A. Continuous process for the separation 
of niobium and tantalum by extration with cyclohexanone. Zh. prikl. Khim. 1961 34 43-49 


K. 1. Lorain: Purification of water gas by solutions of ethanolamine. Zh. prikl. Khim. 1961 34 66-70 
/ 


M. M. Desinin and D. Adsorption properties and microporous structure of industrial active charcoals 
Zh. prikl. Khim. 1961 34 113 120 


N. A. and V. Kucnervany: On modelling of chemisorption processes. Zh. prikl. Khim. 1961 34 151 156 


» Reekensters : On the problem of mixing during bubbling of vapour through liquid on plates in a rectification colunm 
Zh. prikl. Khim. 1961 34 157-161 


V. V. Karanov and V. Mass transfer in packed colunms at inversion of phases. Zh. prikl. Khim. 1961 
34 214 218. 


1. Kazannovskaya, N. M. Dykuso and V. Vacin : Recovery of methane from mixtures with inert gases. Ahin 
Prom. 1961 (1) 20-32 


D. G. Traper, M. Mikuanev and Ya. M. Sumekker: Oxidation of sulphur dioxide using « 
suspended catalyst bed. Ahim. Prom. 1961 (1) 42.46. 


N. lL. Getreri and V. B. Kvasua: Maintenance of optimum temperature conditions in chemical reactors. Ahin 
Prom. 1061 (1) 51-56 


M. Ovevski and V. P. Recuiski: Application of film columns with parallel-sheet packing for separation by rectifi 


cation of the products of oxidation of cyclohexane. Khim. Prom. 1961 (1) 57-62. 


V. 5. Komanov and N. F. Exmotenko: Dependence of selectivity of adsorption on the nature of binary mixtures. Zh 
Fiz. Khim. 1961 35 9-14. 


I’. M. Nassonov : Adsorption isotherm and sorption and desorption kinetics of gases on heterogencous surfaces. Zh 
Fiz. Khim. 1961 35 118) 128. 


YP. Poucacnevien: Apparatus for surface tension measurement by the method of maximum gas-bubble pressure 
Zh. Fiz. Khim. 1961 35 212-213. 


\. K. Manopyan : Graphico-analytical method for calculation of piping between the heater and the rectification column 
Khim. Tekh. Topl. Masel. 1961 6 (1) 48-51. 


M. I. Fripianp, LM. Razemov and A. On calculation of entrainment of particles by gas in fluidized bed 
equipment. Khim. Tekh. Topl. Masel. 1961 6 (2) 36. 3s. 


N. 1. Gecrrris and V. B. Kvasna: Determination and maintenance of optimum temperature range in chemical reactors 
Khim. Tekh. Topl. Masel. 1961 6 (2) 39-45. 


\. 8S. Lysuevski: Fields of concentration of an atomized liquid in an axially symmetrical stream. Inzh. Fiz. Zh. 1061 
4 (2) 27 82. 

Y. A. Miknattov : Heat and mass transfer on pressure reduction. Inzh. Fiz. Zh. 1961 4 (2) 33 48. Transfer phenomena 
in drying by pressure reduction. 

\. L. Mocnanin : Heating of a finite cylinder by an instantancous point source of heat. Inzh. Fiz. Zk. 1061 4 (2) 44 51 

G. D. Rasiyevicn: Non-stationary heat transfer in a counterflow recuperative apparatus. Inch. Fiz. Zh. 1961 4 (2) 
62. 


I’. N. Feposeyev and A. EK. Ecersk:: Thermal drying of wheat with low moisture gradients in the grain. Inzh. Fiz. Zh 
1061 4 (2) 63-69. 


*To assist readers, translations of any article appearing in the above list can be obtained at a reasonable charge. All orders should be addresse«! 
to the Administrative Secretary of the Pergamon Institute at either Headington Hill Hall, Oxford or 122 East 55th Street, New York 22, which- 
ever is more convenient. 
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Selection of Current Soviet Papers of Interest to Chemical Engineers 
G. T. Sexcreyeyv: Heat and mass transfer during evaporation of liquid in foreed gas flow. Inzh. Fiz. Zh. 1961 4 (2) 
77-81. 


S.S. Zapropskt: Hydraulic resistance of a bed during pseudo-fluidization in a conical apparatus. Inch. Fiz. Zh. 1961 
4 (2) 92-94. 


B. 1. Fepornov and Z PP. Suvutmas: \pplication of permeable porous ceramics to the experimental study of the 
phenomena of mass transfer. Jnzh. Fiz. Zh. 1061 4 (2) 99-102. 


G. EK. Morozov: Experimental determination of the effective coeflicient of heat conduction and diffusion for bodies 
possessing channel-type porosity by the clectrical analogue method. Inch. Fiz. Zh. 1961 4 (2) 108-105. 


A. N. Devotno: Present state of knowledge on heat transfer in rareficld gases. Inch. Fiz. Zh. 1961 4 (2) 119 130. 


V. L. Yupovicun: Unsteady two-dimensional motion of an ideal incompressible fluid. Dokl. Ahad. Nauk SSSR. 1961 
136 564 3567. 


Occurrence of cavities in turbulent boundary lavers and wake currents. Dokl. Akad. Nauk SSSR. 1061 
136 1047 1050. 


M. A. Goupsutik, A. K. Leonryey and LL. Patevyeyv: Aerodynamics of a vortex chamber. Teploenergetika. 1961 
8 (2) #0 45. 


V. V. Tatakvapze: Theory and design of centrifugal nozzles. Teploenergetika. 1061 8 (2) 45- 49. 
V.N. Apryanov: Effects of dissipation in radiant heat transfer. Teploenergetiha. 1961 8 (2) 63. 66. 


L. A. Vou, A. M. Gurvien and V. G. Kurscen: Modelling of radiant heat exchange in furnaces by means of light. 
Teploenergetika, 1961 8 (2) 67-71. 


\. A. ZuukausKas and A. A. SunancuyausKas: Heat transfer and flow resistance of bundles of staggered pipes in 
transverse flow of liquid. Teploenergetiba, 1061 8 (2) 72-75. 
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